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Abstract 

The high costs associated with the synthesis of Metal-organic frameworks (MOFs) owing to 

the expensive raw materials have significantly attributed to the lack of large-scale 

production of MOFs regardless of their appealing qualities. The synthesis of MOFs from 

polyethylene terephthalate (PET) waste source for organic linker and other metal sources 

has recently been reported as an alternative way to lower the costs of the synthesis process 

of MOFs thus enabling their industrialization. Though other metal sources used as metal 

precursors for MOF synthesis had been reported, this study focuses on the use of AMD as 

well as PET waste precursors to successfully synthesize MOFs of two different morphologies 

but in the same class. In this work, Fe-MIL-101 and Fe-MIL-88B were successfully 

synthesized using acid mine drainage (AMD) wastewater as the source for the Iron (Fe) 

metal as well as BDC derived from waste PET bottles. Two extraction methods (A. oxidation 

& precipitation with air; B. oxidation with Hydrogen peroxide & precipitation with NaOH) 

were explored for the extraction of Fe in the AMD thus yielding Fe of different phases / 

species. The synthesis procedure follows a widely reported solvothermal route and the 

waste-derived MOFs are compared to MOFs synthesized from commercial precursors.  

Fe-MIL-101 synthesized via the solvothermal route from waste precursor sources displayed 

similar properties to those synthesized from commercial grade precursors. Octahedral 

morphologies were observed on SEM imaging however, materials prepared from AMD-

derived Fe dissolved in HCl displayed mixed morphologies of Fe-MIL-88B and Fe-MIL-101 as 

well as broken Fe-MIL-88 structures. XRD and FTIR exhibited characteristic diffraction peaks 

as well as vibrations and stretching bends that confirmed the coordination of BDC to the 

metal centre, respectively. OHoAMD-Fe-MIL-101(Cl)pet exhibited the lowest textural 

properties of 52.5 m2/g and 0.0623 cm3/g, however, all Fe-MIL-101 materials displayed type 

I N2 isotherms with surface areas within the range of 501-2052 m2/g and pore size 

distribution in the micro- and mesoporous range. Fe-MIL-101 samples prepared from waste 

Fe displayed decreased surface areas and pore volumes compared to Fe-MIL-101 prepared 

from commercial precursors. All prepared materials proved to be thermally stable up to 

temperatures above 300 °C, typical of Fe-MIL-101 and further confirming the successful 

preparations of Fe-MIL-101 from both commercial and waste-derived precursors. Hydrogen 

adsorption studies on the Fe-MIL-101 material yielded 1.18 wt% at 1 bar and 77 K which is 
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comparable to the values previously reported in literature relative to the surface area 

obtained.  

Waste derived Fe-MIL-88B displayed similar morphologies, crystal phases as well as 

vibrations and stretching bands when compared to those prepared from commercial 

precursors. Most Fe-MIL-88B MOFs showed a type I N2 isotherm however, waste-derived 

Fe-MIL-88B had enhanced surface areas when compared to those prepared from 

commercial grade precursors with surface areas significantly below 100 m2/g. The pore size 

distribution mostly lied in the meso-porous range with some in the macro-porous range for 

most Fe-MIL-88B MOFs. The use of AMD as a source for Fe yielded Fe-MIL-88B MOFs with 

high thermal stabilities surpassing Fe-MIL-88B prepared from commercial precursors. 

Hydrogen adsorption studies conducted at 77 K and 1 bar showed that waste derived Fe-

MIL-88B MOFs were good candidates since a value of 0.81 wt% found to be consistent with 

the previously reported data for M-MIL-88B MOFs to date. 

This study has therefore, successfully demonstrated that a holistic strategy that utilizes two 

waste starting materials (AMD and waste PET) can be used to produce Fe-based MOFs of 

comparable properties as those obtained when commercial feedstock is used. This strategy 

contributes to lowering of costs associated with the production of MOFs and thus advancing 

them towards commercialization. 
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Chapter 1 

1. Introduction 

1.1 Background and motivation 

Porous materials are identified as materials comprising cavities of various shapes and sizes, 

and they have been of great interest in a variety of research fields. Porous materials play a 

significant role in the modern science field as they have found use in numerous applications, 

however, their use dates back to ancient times as far as the BC era.1 This is due to their 

attractive properties such as high surface areas, large pore volume, and specific surface 

chemistry. Porous materials can be of inorganic, organic or inorganic-organic nature with 

tuneable pore sizes and pore walls.2-3 Porous materials can be classified as low porosity, 

medium porosity, or high porosity materials based on the number of pores they have. 

Materials with low and medium porosity generally have closed pores whereas materials 

with high porosity consist of either two- or three-dimensional array of pores that are 

interconnected thus creating an open structure. The IUPAC classifies porous materials into 

three groups, based on the pore sizes contained within the material; i) microporous 

materials have <2 nm pores, ii) mesoporous materials consist of pores between 2-50 nm and 

lastly, iii) macroporous materials are mainly composed of large pores >50 nm.4  

These materials have a wide range of applications which include catalysis, medicine, biology, 

sensors, energy storage and conversion.5 The performance of a porous material in a 

specified application is directly affected by the pore volume, shape and size distribution of 

the pores. Porous materials with evenly distributed nanosized pores of uniform shape and 

volume, possess superior properties thus aiding in their utilization in gas-related 

applications. Previous studies have shown that porous materials exhibit improved thermal 

properties such as higher convective heat transfer coefficients and higher thermal 

conductivity and can therefore be used in solar energy storage applications. Highly porous 

materials such as zeolites, metallic foams and alumina have high structural rigidity and low 

weight, and thus make suitable candidates in adsorption applications. 

Zeolites, carbon materials, silica gel, mesoporous alumina, porous organic materials and 

metal organic frameworks (MOFs) are the most popular porous materials that have been 
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reported for energy and environmental applications.6-7 The purification of gases using 

porous materials has been applied industrially owing to their good permeability, reactive 

pore walls and ability to trap solid particulates. The conventional use of porous materials 

including activated carbon and zeolites as sorbent materials has been employed in various 

industrial applications such as filtration, separation, purification, cooling and drying. The 

microstructure and polarity of zeolite structures is suitable for gas separation applications 

by means of molecular size exclusion and coulombic interactions (thermodynamic 

selectivity).8-9 Owing to these properties, zeolites have been widely used in catalysis, gas 

purification, hydrocarbon separation and have been evaluated for hydrogen storage. 

However, the inability to control the zeolite pore structures restricts their efficiency. This is 

particularly experienced in the separation of gas molecules with high similarities in physical 

and chemical properties.10 The presence of water molecules in zeolite structures is also 

considered a major drawback.11   

Some of the advantages imposed by activated carbons (ACs) over zeolites include cost-

efficiency, hydro-stability, and low heat of adsorption requiring less energy for 

regeneration.12 ACs are the most common carbon materials with amphoteric properties and 

are widely used in various applications stemming mainly from their large micropore and 

mesopore volumes which then result in high surface areas. This large surface area together 

with high surface reactivity has seen the diverse use of ACs in applications such as air and 

water purification, adsorption, catalysis and energy storage.13 The application of 

mesoporous silica for gas separation is owing to their high (thermal, chemical and 

mechanical) stabilities, low-cost, flexibility for surface functionalization and a 3D structure 

with interconnected pores that mitigates transport issues with diffusion. Mesoporous silica 

has been demonstrated as a good support for separation membranes and therefore offer 

selectivity over other gases such as CH4 and N2.14-15 Modified silica materials have been 

reported to perform better than unmodified ones as they tend to increase surface reactivity 

with the gas molecules for improved selectivity.16 

The storage of hydrogen in porous materials through physisoprtion is being considered as 

one of the solutions to the hydrogen economy challenges due to the large specific surface 

areas that they possess.17 Another advantage of using porous materials for the storage of 

hydrogen is due to the weak Van der Waal bonds between molecular hydrogen and the 
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material thus allowing for use of low temperatures and pressures to achieve significant 

hydrogen storage capacities. Hydrogen storage has been widely reported for materials such 

as zeolites, carbon materials and metal organic frameworks (MOFs) with proven recyclability 

and hydrogen-storage capacity as well as rapid hydrogen desorption.18 Studies on various 

types of zeolites for H2 adsorption have been conducted and found that their H2 capacities 

are dependent on the framework structure, composition as well as the acidic-basic nature of 

the zeolites.19-21 Carbon materials and MOFs have reported the highest hydrogen storage 

capacities (8-10 wt%) at -196 °C, however, carbon materials suffer from low density and 

require dopants to enhance heat conductivity to achieve high H2 capacities.22-23 The major 

advantage of MOFs over other porous materials is the formation of unsaturated metal 

centers (UMCs) upon removal of coordinated solvent molecules through vacuum drying.24-25 

Further details on MOFs and H2 storage studies will be discussed in the following 

subsections.  

1.1.1 Metal-organic frameworks 

Metal-organic frameworks were discovered over two decades ago and have contributed 

significantly into the research of porous materials, and thus became the fastest growing 

chemistry research field. Numerous novel structures have been synthesized over the years 

with surface areas reaching as far as 10 000 m2/g, far exceeding those obtained for 

traditional porous materials such as zeolites and carbon materials.26-27 MOFs have found 

application in a variety of fields such as catalysis, gas separation, biomedicine and more 

especially in hydrogen storage. This is owing to their extraordinary properties such as high 

surface areas and porosity, ease of functionalization and tuneability as well as their diversity 

in topology. Several methods have been explored for the synthesis of MOFs with the 

hydrothermal and solvothermal routes being the traditional ones owing to their simplicity. 

The long reaction times, high energy demands, use of large amounts of solvents and 

expensive raw materials for MOF synthesis have hindered large scale production of MOFs 

and has led to research steered towards greener approaches.28  

The use of cheaper and lower-grade waste materials as precursors for the synthesis of MOFs 

has been reported; this includes the breaking down of polyethylene terephthalate (PET) to 

its components of which terephthalic acid is then used as a linker in the synthesis of MOFs. 

Various waste metal sources have been used for metal extraction such that they are 
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recovered and used as alternative metal precursors in a number of syntheses, including 

MOFs.29-30 This greatly reduces the costs associated with the production of MOFs whilst 

abating environmental pollution thus paving way for their industrial application. MOFs have 

proved to possess a significant potential for use in hydrogen storage owing to their 

reversible and high-rate hydrogen adsorption process.31 

1.1.2 Hydrogen storage 

The use of Hydrogen (H2) as fuel eliminates the dependency on coal and oil for the 

generation of power. H2 is a non-polluting energy carrier with the potential to reduce 

environmental impacts arising from the use of fossil fuels such as carbon emissions.32 H2 is 

the most abundant element in the universe but because it is not present in great quantities 

on earth, the H2 used for fuel is produced from other sources such as natural gas reforming, 

coal and biomass gasification, water electrolysis and other renewable energy resources. H2 

acts as a chemical energy carrier that can be used to store, move, and deliver energy. Figure 

1 provides a simplified summary diagram of the current approaches used to store hydrogen. 

H2 can be stored either physically or chemically such that it is stored in either a gaseous 

state, liquid or chemically bonded to the surface of an adsorbent. The storage of H2 in a 

gaseous state is a commonly used method that typically entails the use of high pressure 

tanks, whereas storing it in liquid form necessitates the application of cryogenic 

temperatures to prevent vaporization thus requires effective thermal insulation to prevent 

losses.33  

 

 

Figure 1: Simplified diagram of the current approaches in H2 storage technology. Taken from 

reference 33. 
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The use of hydrogen physisorption on porous materials serves as a potential to overcome 

the current challenges such that storage of large amounts of hydrogen at near-ambient 

temperatures and reasonable pressures is achieved.34 The physisorption process is simple 

and easy to handle, it is a reversible process owing to the low binding energy compared to 

chemisorption, and fast adsorption-desorption kinetics are achieved. H2 molecules are 

attached to the surface of the porous material via the weak van der Waal forces, the 

adsorption capacity of the material is therefore dependent on the surface area, pore 

volume, working temperature and pressure.35-36 MOFs are regarded as one of the most 

promising candidates for H2 storage owing to their enormous surface areas of over 4 000 

m2/g. Numerous reports of porous MOFs have been published following H2 studies on MOF-

5 in 2003. One of the advantages of MOFs is that the framework topology, pore size, and 

surface area can be easily tuned to increase H2 storage capacities.37 

1.2 Problem statement 

The development of green approaches towards the preparation of MOFs has been of great 

significance recently, with the desperation to put their unique and extraordinary properties 

to use having grown exponentially over the past decade. Industrial application of MOFs has 

been hindered by several factors which include the use of large amounts of harmful solvents 

(i.e dimethyl formaldehyde (DMF) and dimethyl sulfoxide (DMSO), long reaction hours with 

high temperatures required for MOF synthesis thus consuming large amounts of energy, as 

well as the high costs associated with the starting materials thus rendering industrial 

production not economically feasible. Attempts to address these shortcomings have been 

reported, such as the exploration of green solvents as a replacement for the toxic solvents 

traditionally used for the synthesis of MOFs. Solvent-free methods (e.g. mechanochemical 

method) have also been explored as a way to completely eliminate solvents, thus 

eliminating the danger and costs associated with their use.  

The key focus, however, has been the synthesis of MOFs from waste materials by recycling 

landfill waste materials such as waste PET bottles for the extraction of terephthalic acid 

(BDC), an organic linker. Recycling of PET waste has proven to be costly with low-value end-

products and as a result, the degrading of PET to its monomers to be re-used in other 

reactions has been proven to be a viable option. The extraction of metals from wastewaters 

has offered a promising solution for a cheaper inorganic feedstock with a variety of metals 
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available which can be used towards the synthesis of MOFs. Acid mine drainage (AMD) is a 

potential alternative for the extraction of metals to be utilized in the synthesis of MOFs 

whilst abating pollution and lessening the expenses associated with MOF synthesis.38-40 The 

synthesis of MOFs using the iron metal recycled from the acid mine drainage potentially 

introduces a drastic decrease in the production costs of MOFs whilst eliminating mining 

waste, thus allowing for environmental and biological sustainability. To our knowledge, the 

use of metals extracted from AMD for MOF synthesis has not been reported yet.  

1.3 Motivation 

The study undertaken aims to provide a holistic approach to the synthesis of Fe-based MOFs 

from waste derived precursors as means to reduce costs associated with MOFs synthesis. 

This study sets the groundwork for the synthesis procedure of MOFs from AMD and PET-

derived precursors and outlines areas of improvement through characterization using 

various analytical techniques. This project investigated the synthesis of the Fe-based MIL 

MOFs (Fe-MIL-88B and Fe-MIL-101) from AMD-derived Fe (using two different methods) 

and PET-derived BDC as an organic linker, thereby offering somewhat green approach to the 

synthesis of Fe-MOFs.41 A comparison is provided for Fe-MIL-101 and Fe-MIL-88B prepared 

from commercial grade precursors following the same synthesis approach. Further 

comparisons are conducted where either the metal precursor or linker is replaced by a 

waste-derived material to assess the effect of waste-derived precursors on the structural 

and textural properties of Fe-MIL-101 and Fe-MIL-88B. Hydrogen adsorption capacities for 

the synthesized materials are then determined to assess storage capacities of the 

synthesized Fe-MOFs.  
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1.4 Research objectives 

The main aim of the project was to synthesize Fe-based MOFs using unconventional 

feedstocks (i.e. waste PET and AMD). The project evaluated the best method for Fe 

precipitation from AMD and then studied the effect of using Fe derived from the AMD and 

PET-derived BDC linker on the integrity of the MOF.  

The following objectives are set: 

o To synthesize MIL-101 and MIL-88B from commercial precursors, such that 

commercial Fe chloride and nitrate are individually combined with the commercial 

grade BDC. 

o To synthesize MIL-101 and MIL-88B from the two commercial Fe sources (chloride 

and nitrate) by replacing commercial grade BDC with PET-derived BDC as the organic 

linker. 

o To precipitate the Fe from the AMD using three methods and thoroughly 

characterize the precipitates to determine the chemical nature of the precipitated 

iron. 

o To synthesize MIL-101 and MIL-88B using the resultant complexes from the digestion 

of the Fe source by replacing the commercial Fe source and commercial grade BDC 

kept as the linker. 

o To also synthesize Fe-MOFs from complete waste precursors, where the AMD acid 

digested Fe precipitates (individually) are combined with PET-derived BDC under 

similar conditions. 

o To then fully characterize all the synthesized MOFs and compare them to their 

counterparts synthesized from commercial high purity precursors.  
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1.5 Hypothesis 

o  Waste-derived MOFs are to have similar chemical and physical properties as the one 

derived from commercial precursors. 

o Waste-derived MOFs are to have decreased BET surface areas owing to the 

impurities being deposited into the pores thus hindering gas from accessing the 

pores. 

o MOFs derived from waste Fe precursors are expected to have enhanced thermal 

stabilities and lower weight losses because of the presence of Fe in a pure state and 

not in a hydrate form. 

1.6 Thesis layout 

Chapter 1 presents an overview of the research topic. In this chapter, the study is 

introduced and the background story is well stated. The problem statement and significance 

of the study is outlined and research objectives are identified.  

Chapter 2 reviews the existing literature relating to the current research topic to identify 

key approaches and strategies to successfully synthesize Fe-based MOFs from two waste 

sources.  

Chapter 3 carefully outlines the research methodology used such that the study is a success. 

This chapter presents the practical aspect of this study, stating the synthesis method as well 

as the characterization techniques used in the identification of the synthesized MOFs. 

Chapter 4 presents results obtained from the characterization techniques as well as 

hydrogen adsorption studies for the Fe-MIL-101 synthesized from complete commercial 

precursors, semi-commercial/semi-waste precursors and complete waste precursors. 

Chapter 5 presents the findings for the Fe-MIL-88B synthesized from complete commercial 

precursors, semi-commercial/semi-waste precursors and complete waste precursors. 

Chapter 6 provides the summary of findings from chapter 4 and 5, outlines the pros and 

cons of the study as well as suggestions as to how they can be mitigated for future 

purposes.  



9 
 

Chapter 2 

2. Literature review 

2.1 Chapter outline 

Various metal-organic frameworks (MOFs) morphologies have been reported over the 20 

years since their discovery. MOFs have attracted much attention from various fields for 

various applications such as catalysis/photocatalysis, biosensors, gas separation and 

hydrogen storage. The synthesis method is the crucial aspect in tailoring MOFs such that 

they possess the desired properties, however, several synthesis methods have been 

reported so far. These include conventional (solvothermal or hydrothermal), microwave-

assisted, mechanical, sonochemical and ultrasonic synthesis methods with each of these 

methods presenting advantages and disadvantages. Several MOF structures have been 

reported, MIL MOFs have recently taken centre stage due to their high chemical stability 

and can be prepared from non-toxic metals, such as Ca, Mg, Fe, etc,. Fe-based MIL MOFs are 

biocompatible thus can be used in medicinal applications, such as drug delivery, without 

causing bodily harm. Previous research has demonstrated superior hydrogen storage in Fe-

based MIL MOFs owing to their increased metal-ligand interactions and number of active 

sites. This chapter introduces MOFs and discusses relevant literature on the synthesis and 

applications of MOFs. It further places emphasis on MIL series of MOFs. 

2.2 Metal-organic frameworks (MOFs) 

Metal-organic frameworks (MOFs) are a fairly new class of porous materials that have 

recently gained much traction owing to their unique properties that allow for a variety of 

applications in the field of science. MOFs are a class of crystalline hybrid network 

supramolecular solid materials resulting from self-assembled organic linkers and metal ions, 

also referred to as porous coordinated polymers (PCPs).42 MOFs have a wide range of 

applications such as gas separation and storage, optical, chemical sensing, catalysis, 

biomedicine, and as supercapacitors.43 However, they are classically known for their 

application as microporous materials for storage of gases such as CH4, H2 and CO2.44-46 The 

tuneable nature of MOFs allows for a wide range of pore sizes, from the microporous to the 

mesoporous by adjusting the length of the linkers as well as the functionalization of organic 

linker with chemical groups for improved gas uptake.47 
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The ease with which the metal SBUs and organic linkers can be varied to create open 

crystalline frameworks with permanent porosity has resulted in the development of 

thousands of compounds to-date.27 MOFs can either be rigid or flexible, this is determined 

by the structural conformation and how it responds to external stimuli.48-49 MOFs of 

different network morphologies have been realized with the careful selection of synthetic 

conditions and chemical composition. This has allowed for the production of tailored MOF 

materials suitable for a specific application.50-52 Several structures have been synthesized in 

the past, such as i) octahedron- consisting of six (6) points of connection, ii) trigonal- the 

coordination number, coordination geometry of the metal ions, and the nature of the 

functional groups dictate the definitive MOF structure.53  

Kitawa and Kondo classified MOFs primarily into three (3) generations54; the first (1st) 

generation are the types of MOFs that are designed based on molecular architecture such 

that they consist of the metal cluster and organic moieties. These types of MOFs collapse on 

the removal of guest molecules and are rendered nonporous.55 The second (2nd) generation 

MOFs are derived from the 1st generation by manipulation of chemical modifications 

however, they consist of framework rigidity thus retain permanent porosity on removal of 

guest molecules. The third (3rd) generation MOFs are built from biomolecules with dynamic 

and flexible structures upon guest molecule inclusion and removal, thus they adapt to 

external stimuli without collapsing.56 Their spatial and electronic structures can be modified 

thus accomplishing magnetic, dielectric, and oxidation−reduction properties.57 Figure 2 is a 

schematic representation of MOF generations clearly showing their structural differences. 

 

Figure 2: Schematic diagram displaying the four generations of MOFs. The picture was taken 

from reference 55. 
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Lastly, the fourth (4th) generation of MOFs was recently defined by Liu et al. as porous 

materials with modifiable pore size and chemistry through post-synthetic modification. This 

class of MOFs retain their morphology and structural integrity with the ability to adapt pore 

size and pore chemistry to accommodate different guest species.58 3rd and 4th generation 

MOFs have hundreds of highly porous structures with different open-space channels and 

therefore have massive potential for use in gas separation due to their extremely high 

selectivity, high storage capacities, and catalysis functions.59-61 

The stability of MOFs is defined as the ability of MOFs to maintain their structural intactness 

when subjected to different conditions such as high temperatures (thermal stability), 

mechanical forces (mechanical stability) and chemical environments (chemical stability). The 

stability of MOFs is governed by, amongst others, oxidation state and ionic radius of the 

metal ion, metal-ligand coordination geometry, as well as the hydrophobicity of the 

structure.62 MOFs built from the low-valence cations (divalents or M2+) have proven to be 

susceptible to chemical instability and hydrolysis as a result of weak metal-ligand bond. The 

use of metals with high valence, such as trivalent cations (M3+= Fe3+, Cr3+, V3+) or polycations 

(group V and VI) are preferred as means to produce MOFs with high thermal and chemical 

stabilities. However, the control of MOF formation then becomes difficult as the high-

valence metal cations are highly reactive, therefore, it requires stringent reaction conditions 

to ensure crystalline MOFs are produced.63 

The most well-known kinds of MOFs include isoreticular metal–organic frameworks 

(IRMOFs), zeolitic imidazolate frameworks (ZIFs), HKUST, UiO and MILs. IRMOFs are the type 

of MOFs consisting of similar structural topology and by the substitution of an organic linker 

with another or functionalization results in different IRMOFs. These MOFs were first 

described by Yaghi et al. as tetrahedral clusters of Zn4O connected by dicarboxylate linkers 

to form a three-dimensional porous cubic framework. IRMOF-1, also known as MOF-5, is the 

most common representative and base structure of the IRMOFs family, that was first to be 

synthesized and has widely been studied over the years which has enabled 

commercialization with applications in various areas.64-65 Figure 3 is the representation of 

the MOF-5 unit cell in a two-dimensional view, clearly showing the MOF cavities.66 
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A different subclass of MOFs with zeolite-type morphologies and structures was first 

published by Yaghi and co-workers in 2010 where they described the synthesis of the 

twelve-types of zeolitic imidazolate frameworks (ZIFs).67-68 This is the newest class of MOFs 

made up of transition metals, such as Zn(II) and Co(II) cations, tetrahedrally-coordinated 

through the imidazolate (Im) linkers. The bent imidazolate linkers between two metal 

centres create an angle such that the metal–imidazolate–metal angle is ~145° similar to that 

of Si-O-Si in aluminosilicate zeolites (see Figure 4).69  

The use of imidazolate favours the formation of zeolitic tetrahedral topologies. The strong 

interactions between the metal and the charged imidazolate result in the formation of 

highly crystalline and porous structures with permanent porosity and high thermal 

Figure 3: Ball and stick simulation of the crystal structure of MOF-5. Picture is taken from 
reference 66. 

Figure 4: Schematic diagram displaying the bridging angles in a ZIF structure and a zeolite. 

Diagram reproduced from reference 69.  
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stabilities. ZIFs tend to possess both MOFs and zeolites characteristics which has enabled 

them to be explored in numerous applications such as catalysis, gas adsorption and 

separation.70-71 The ZIF-8 structure is presented in Figure 5 clearly highlighting the SOD 

topology, large spherical cages and sodalite cages are separated by the six-ring windows of 

small openings.  

HKUST, UiO and MIL MOFs are named after the institutions or research groups under which 

they were first synthesized. HKUST stands for the Hong Kong University of Science and 

Technology where the HKUST-1 (also known as MOF-199) structure was first synthesized 

from Cu(II), later on the HKUST-1 structure was obtained from other dimeric metals.72 

HKUST-1 structure consists of a pair of metals connected by four (4) benzene tricarboxylate 

linkers to give a forming face-centred cubic units thus exhibiting high surface area and 

microporosity.73 UiO MOFs (UIO = Universiteit i Oslo) are Zr(IV)-based three-dimensional 

cubic close-packed porous structures consisting of large pores, high surface areas and high 

structural stabilities. UiO MOFs (UiO-64, -66, -67, -68 and -69) consist of dicarboxylic acid 

ligands of varying lengths, however, they still maintain the same structure without 

compromising on the thermal stabilities.74 Materials Institute Lavoisier (MIL) MOFs will be 

discussed in details in section 2.2.3 of this chapter. 

Figure 5: Schematic diagram showing the formation of ZIF-8 structure highlighting the SOD 

topology. Picture taken from https://crystallography365.wordpress.com/ on the 08/12/21 



14 
 

2.2.1 MOF synthesis 

The synthesis of MOFs has been widely achieved through self-assembly of the metal node 

and organic linker such that 1-, 2- and 3-dimensional defined structures are produced. 

Various framework morphologies, pore structures and pore sizes can be obtained through 

the variation of metal centers and organic linkers. The synthesis conditions for MOFs must 

be such that the kinetics of crystallization are suitable for nucleation and growth of the 

preferred phase to take place.75-76 Other factors such as the reaction time, temperature and 

the nature of solvent are major factors that contribute to the synthesis of MOFs.  

2.2.1.1 Conventional synthesis of MOFs 

The conventional methods make use of electrical heating to catalyse crystal growth as 

presented in figure 6. Conventional methods are divided into two categories: solvothermal 

and hydrothermal methods.  With conventional methods, MOFs are synthesized by 

combining the metal source and organic linker in a closed reaction vessel and heating to 

temperatures above the boiling point of the solvent for prolonged reaction time under 

autogenous pressure. The solvothermal synthesis makes use of polar solvents (e.g. N,N-

dimethylformamide) thus requires lower temperature (50-260 °C), whilst the hydrothermal 

method uses aqueous solvents or mineralizers as reaction media to dissolve and 

recrystallize matter relatively indissoluble under typical conditions.77-78 

 

Figure 6: Schematic diagram for the synthesis of MOFs via conventional synthesis methods. 

Image reproduced from reference 78.  
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2.2.1.2 Green approach to the synthesis of MOFs 

The use of large amounts of solvents, long reaction times and high energy demands with 

conventional methods propelled the development of new methods to address these 

limitations. Alternative synthesis methods have been explored recently, including the 

microwave (MW)-assisted method.28, 79 The microwave-assisted method makes use of 

electromagnetic radiation in the microwave region to heat the reaction vessel such that a 

chemical reaction is initiated. MW irradiation provides sufficient energy for the accelerated 

synthetic process and therefore leads to dramatic reduction in synthetic time of MOFs to 

only a few minutes.80 The fast heating provided by MW energy results in fast growth of 

crystals which ultimately leads to smaller crystals with ease of morphology control and 

phase selectivity.81 This is one of the latest methods considered as a green approach as it 

provides clean synthesis with the advantage of enhanced reaction rates, higher yields and 

makes use of less energy and solvent.82 Other green methods that have been proposed for 

the synthesis of MOFs include sonochemical, electrochemical and mechanochemical (or ball 

milling) methods.83 

Sonochemical synthesis methods entail the use of high intensity ultrasound which makes 

molecules undergo a chemical reaction for the production of MOF materials without the use 

of energy, no use of solvents and decreased reaction times.84 This is a solvent-free synthesis 

method that results in materials with increased surface areas, homogeneous particle size 

distribution, improved phase purity and reduced reaction time.85 The electrochemical 

synthesis method offers mild reaction conditions, shorter synthesis times and real-time 

influence of reaction.86 Synthesis is achieved through direct deposition of MOF thin film with 

controllable characteristics on a desired substrate and results in homogenous thin 

films/coatings with tunable thickness and porosity suitable for use in electronic devices.87-88 

Lastly, the mechanochemical synthesis method either completely avoids the use of solvents 

or uses reduced amounts of solvents, and reduced temperatures, contrary to the 

conventional methods.  This method enables solid phase-reactions without applied heat by 

milling or grinding solid starting materials.89 The synthesis of MOFs via the 

mechanochemical method was first reported in 2006 by Pichon et al. and has become a 

popular method to overcome limitations in large-scale production of MOFs.90-91 
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2.2.1.3 Characterization of MOFs 

A number of characterization techniques have been explored for the characterization of 

porous materials and these techniques have also been adopted for the analysis of MOFs. 

Owing to their crystalline nature, MOFs are typically characterized by powder x-ray 

diffraction (PXRD) to determine their crystal phases, phase purity, size of the unit cell and 

even morphology. The diffraction pattern for porous materials is usually collected over a 

wide range of 2θ such that large and small unit cell moieties can be detected and analyzed. 

PXRD is a structural analysis tool that is quite powerful and should not be underestimated as 

it can provide invaluable structural information about MOFs. The porous nature of MOFs 

allows for isothermal gas adsorption−desorption analysis to evaluate the pore volume, pore 

size distribution and surface areas of MOFs. Isothermal gas adsorption−desorption analysis 

helps determine the amount of a gaseous adsorbate adsorbed and desorbed by an 

adsorbent at equilibrium over a range of pressures at constant temperature. Nonreactive 

gases such as Nitrogen (N2), Hydrogen (H2) and Carbon dioxide (CO2), are commonly used at 

cryogenic temperatures.  

Other useful properties for MOFs include their thermal stabilities measured using a 

thermogravimetric analysis (TGA) technique. This is a destructive technique that measures 

weight losses of the sample within a temperature range (25-1000 °C). The analysis is done 

either in an inert environment that is maintained by a continuous flow of nitrogen (N2) or an 

oxidizing environment is created by a continuous flow of oxygen (O2). Weight loss is then 

expressed in weight % (w/w%) at a specific temperature. Scanning electron microscopy 

(SEM) is a light scanning technique used for imaging and analysis of surface morphology in 

solid materials. This technique makes use of a high-energy focused beam of electrons to 

scan across the surface of the material, several electrons are then scattered to produce an 

image of the surface.92-93 Useful information such as size, shape, morphology, and surface 

composition can is extracted.94 The Fourier transform infrared (FTIR) and Raman 

spectroscopy are generally used for functional group identification, these methods are also 

helpful in identifying adsorbates in the pores of MOFs such as solvents and impurities. A 

typical FTIR spectrum is recorded between 4000 and 400 cm−1 depending on the absorption 

frequency.95-96 
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2.2.2 Applications of MOFs 

Owing to their enormous surface areas, high porosity and tunable nature, MOFs are used in 

various fields such as catalysis, biomedicine, drug delivery, biosensors, gas separation and 

storage. Hydrogen (H2) storage in MOFs has been reported and proven to be viable since 

MOFs display high H2 adsorption capacities with reversible capabilities. The most popular 

applications of MOFs are discussed further in the sections below with the greater focus on 

the recent advances in hydrogen storage using MOFs (section 2.2.3.3). 

2.2.2.1 Gas separation and storage 

Amongst applications of MOFs, the separation and storage of gases has been one of the 

important and crucial applications in the chemical industrial sector. Gas separation refers to 

the splitting of one or more gas molecules from a mixture to achieve purity or single gas 

molecules. This can be achieved through the molecular size, dipole moment as well as the 

electronic charge of the molecules. There are numerous methods that have previously been 

reported for the separation of gas molecules, including solvent-based separations, cryogenic 

distillation, membrane and adsorption separation.97 CO2 capture, organic vapor removal, 

and natural gas sweetening are amongst a few technologies in which the gas separation 

concept has been widely explored.  

The search for materials to use in the storage of H2 has been a major focus over the years as 

it serves as a greener alternative for use in energy production. The explosive nature of H2 

has driven research into focusing on the development of porous materials with high storage 

capacities. The application of MOFs as materials for H2 storage was first reported in 2003 by 

Rosi et al. for MOF-5 and MIL-53 structures.37, 98
 After which, attempts towards the use of 

MOFs for hydrogen storage attracted worldwide attention with increased focus on exploring 

various strategies for enhancing hydrogen capacities in porous MOFs at cryogenic 

temperatures. 47, 99 MOFs generally exhibit superior reversible hydrogen uptake compared 

to other porous materials thus making them excellent prospects for use in H2 storage.100-102 

2.2.2.2 Other applications of MOFs 

The high degree of crystallinity of MOFs provides an increased number of active sites thus 

making them suitable candidates for catalysis/photocatalysis applications. The ease with 

which the pore size of MOFs can be controlled, and pore walls can be functionalized, puts 
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MOFs at a greater advantage as heterogeneous catalysts, more especially for organic 

reactions rather than for bulk chemistry owing to their low thermal stability (<300 °C). The 

abundance of redox active site and quick mass transfer also make MOFs appealing for 

electrocatalysis as they offer superior electrocatalytic activity. However, most pristine MOFs 

have poor conductivity and have therefore been integrated with other functional materials, 

particularly carbon materials, such that the conductivity and stability of MOFs is 

improved.103-104 

MOFs have recently emerged as new candidates for use in selective drug delivery systems 

(DDSs) as nanocarriers owing to their low cytotoxicity and biodegradability properties. The 

high surface area, porosities and composition of MOFs offer high loading capacities with 

efficient drug loading and controlled drug release.105 Recently, Fe-MOFs have been reported 

for drug delivery applications, some of these (Fe-MIL-88 and Fe-MIL-53) MOFs offer pore 

flexibility and can expand or shrink according to the solvent molecular size. However, MOFs 

such as Fe-MIL-100 and Fe-MIL-101 consist of well-defined, ordered porosity and large pore 

sizes, thus have proved suitable for drug delivery.106-107 

Based on the diversity of MOFs properties and working principles, MOFs have been 

designed such that they are used as magnetic, calorimetric, electrochemical, chemiresistive 

and photoluminescent sensors.108 The luminescent properties of MOFs have seen their use 

as chemo- and biosensors for gases, solvents and explosives gaining much traction as well. 

Chemical sensing highly relies on surface reactions thus requiring materials with high 

surface areas and porosity, as a result MOFs have been heavily exploited in this field. The 

hybrid nature of MOFs allows for structural alteration such that the photoluminescence 

arises either from the metal centre or the organic ligand. Transition-metal ions and 

lanthanides exhibit luminescence properties whilst organic linkers with an aromatic ring or 

free Pi (π) electrons give rise to optical emission or photoluminescence upon excitation.109-

110 
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2.2.3 MIL series of MOFs 

Materials Institute Lavoisier (MIL) materials are permeable carboxylated metal polymers 

prepared from various trivalent metal cations and carboxylic acid ligands, and consisting of 

large pores and high-permanent porosity. MIL MOFs are mainly composed from trivalent 

metal ions (Cr, Al and Fe) or lanthanides (Eu, Tb and Y) strongly bonded to oxygen-anion 

terminated linkers, and usually display high chemical stability. The micropore and mesopore 

structures of MILs can be altered by the manipulation of external factors, which also 

indicates the flexibility of the MIL structures. MILs MOFs synthesized from non-toxic 

endogenous cations (Ca, Mg, Fe, Zn, etc.) and naturally occurring derivatives or 

biomolecules as ligands have also been reported. As a result, nontoxic, and biologically and 

environmentally compatible MOFs are produced thus making them suitable for medical 

applications as well as for clean energy and environmental protection. Fe-based MIL MOFs 

have unique properties such as wide distribution of single iron sites, redox properties, 

porous structures and large surface areas which make them more superior for different 

applications.111-112 

2.2.3.1 Fe-MIL MOFs 

The predominance of Fe-MOFs such as MIL-53, MIL-88, MIL-100 and MIL-101, are assigned 

to the MIL and BioMOF families. Ligands used for the preparation of MIL-88B and MIL-53 

are generally the same, however, the molecular structures that result are different. This is 

solely due to the difference in the nucleation processes that can be manipulated through 

synthesis conditions. The formation of MIL-88B undertakes a heterogeneous nucleation 

while MIL-53 forms through a homogenous nucleation. MIL-88B exhibits a three-

dimensional cage structure with an acs topology whilst MIL-53 structure displays one-

dimensional channels (see Figure 7).107, 113 Apart from being recognized as having a non-

toxic nature, MIL-88B has a highly flexible framework, and as such exhibits the ‘breathing’ 

effect, thus making it a great candidate for use in a number of applications such as drug 

delivery, and gas separation and storage.114 Fe-based MILs have demonstrated enhanced 

photocatalytic activity owing to their sensitive response to visible light and the small Fe(III) 

oxo cluster allows for the free electron to exist. To an extent, flexible MOFs are stable in 

water hence their use in humid and aqueous conditions as adsorbents for the removal of 

heavy metals and organic pollutants.  
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A study conducted by Xianghui Li and co-workers discovered that Fe-MIL-101 possessed the 

highest adsorption and catalytic activity towards the removal of acid orange 7 (AO7). Fe-

MIL-88B performed the least amongst all Fe-MILs that were investigated such that the 

sequence was Fe-MIL-101 > Fe-MIL-100 > Fe-MIL-53 > Fe-MIL-88B.115 In an investigation 

conducted by Geng et al. where Fe-MIL-101, Fe-MIL-53, Fe-MIL-88B and α-Fe2O3 were used 

for the removal of tetracyline hydrochloride in wastewater using the ultrasound/Fenton 

system, Fe-MIL-88B exhibited the highest catalytic performance. This was attributed to the 

highest number of Lewis acid sites present within the Fe-MIL-88B MOF; however, the 

performance of the catalyst was dependent on the pH, ultrasound speed, H2O dosage and 

catalyst concentration.116 The adsorption of trace arsenate in contaminated water was 

accomplished by using Fe-MIL-88B as a sorbent material, exhibiting high adsorption 

capacities at low dosages.117  

Composites of Fe-MIL-88B have been prepared as means to overcome their shortcomings as 

photocatalysts since they have a high photogenerated carrier recombination rate and a low 

efficiency conversion of solar energy. Graphene oxide, carbon nanotubes and carbon 

quantum dots have been used to address these issues with Fe-MIL-88B. Fe-MIL-

88B/graphene oxide composite displayed exceptional photocatalytic performance with a 

98% removal efficiency towards the degradation of reactive red dye from aqueous 

solution.118 The use of Fe-MIL-88B/CNTs and Fe-MIL-88B/CQDs composites for the 

degradation of organic pollutants resulted in an improved photocatalytic efficiency.111, 119 

a) MIL-53 b) MIL-88B 

Figure 7: Simulation of a) MIL-53 and b) MIL-88 structures in their larger-pore dehydrated 
form. Taken from reference 60 and 61, respectively. 
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The ‘breathing’ effect is a phenomenon where the pore diameter of the MOF expands or 

collapses upon interaction with an external stimulus (such as gas molecules, solvents, or 

pressure) without losing structural integrity. Cameron et al. was the first who demonstrated 

reversible swelling behaviour with a Ni2(4,4’-bipy)3(NO3)4 framework using ethanol as a 

guest molecule.120-121 Serre et al. studied the ‘breathing’ effect of MIL-88 structures in 

different solvents which showed that MIL-88 structures are highly selective sorbent 

materials, and their selectivity is highly reliant on the nature of the organic linker.122 

Horcajada et al. further studied the effect of linker modification to the swelling of the Fe-

MIL-88B and Fe-Fe-MIL-88D which revealed that the swelling behaviour of these MOFs was 

drastically affected by steric hindrance and the number of groups per aromatic ring thus 

leading either to permanent porosity or amplified swelling behaviour.107, 123 The ability of 

Fe-MIL-88B pores to expand and shrink in response to external stimuli renders this MOF a 

suitable candidate for drug delivery and as such, its use has expanded drastically over the 

years. 

For instance, Pham et al. studied Fe-MIL-53 and Fe-MIL-88B for in vitro loading and 

ibuprofen drug release, Fe-MIL-53 demonstrated higher loading capacity of ibuprofen 

compared to Fe-MIL-88B however, slow drug release was observed with Fe-MIL-88B. The 

cytotoxicity test revealed that the Fe-MIL-88B particles had no adverse effects on the cell 

viability for up to 0.1 mg/L at 48 hours.124 Amine functionalized Fe-MIL-88B nanoscale MOF 

was used for the encapsulation of methylene blue (a tau aggregate inhibitor) and used as a 

magnetic resonance contrast material for Alzheimer’s disease therapy.125 Sivakumar et al. 

also carried out a study where Fe-MIL-88B-NH2 nano MOFs were utilized for the delivery of 

pH responsive doxorubicin (DOX) anticancer drug. High amounts of DOX were released at an 

acidic pH while alkali pH saw a decline with amine functional groups providing structural 

stability and enhanced loading efficiency of DOX.126  

The adsorptive properties of Fe-MIL-88B have been exploited with hydrocarbons as well, 

such as alkanes, alcohols and polycyclic aromatic hydrocarbons. Zakariya et al. reported the 

removal of pyrene from wastewater using Fe-MIL-88B and Fe-NH2-MIL-88B with an 

efficiency of 99.7 and 96%, respectively. The MOFs were recyclable up to five times with 

good efficiencies, confirming their stabilities in water.127 
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Ferey et al.  reported the first Cr(III)-based MIL-101 structure which was used as a bases for 

the synthesis of Fe-MIL-101 by Bauer et al. and Taylor-Pashow et al. in 2008  and 2009, 

respectively. MIL-101 has a rigid zeotype structure of MTN topology consisting of two types 

of mesoporous cages.128-129 Six linear terephthalic acid (BDC) linkers and four trimeric metal 

clusters construct a super tetrahedral cage, functioning as edges and vertices, respectively. 

These super tetrahedra are further connected by their corner sharing vertices of metal 

clusters to give two types of mesoporous cages with internal free diameters of 29 Å and 34 

Å, accessibility is through microporous pentagonal and hexagonal windows of dimensions 

1.2 nm and 1.6 nm, respectively (as shown in Fig. 8).130  

 

MIL-101 consists of terminal H2O molecules that can be removed through thermal 

treatment to yield coordinative unsaturated active sites (CUS) that are desirable for 

catalysis, as first reported by Hwang et al.131 The MIL-101 structure exhibits a robust nature 

with superior physicochemical properties when compared to other MOFs. The ability of the 

MIL-101 to withstand moisture and other chemicals as well as the ease of functional 

modifications has attracted considerable attention as one of the most promising porous 

materials for future energy and environmental applications.132  

The presence of mesoporous and microporous pores has enabled extensive use of MIL-101 

in the field of catalysis. Tang and co-workers investigated the use of Fe-MOFs (Fe-MIL-101) 

as heterogeneous catalysts in a multi-component reaction (MCR) for the synthesis of 

functionalized pyrroles. The reaction was carried out as a one-pot four-component coupling 

Figure 8: MIL-101 structure showing hexagonal and pentagonal windows. Picture 

reproduced from reference 130. 
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reactions (4CRs) of 1,3-dicarbonyl compounds, amines, aldehydes and nitroalkanes. The 

heterogenous Fe-MIL-101 catalyst displayed high catalytic activity, reaching aniline 

conversions of 90% in 20 hrs whilst Fe-MIL-88B and Fe-MIL-53 had lower reactivity. The 

recovered Fe-MIL-101 catalyst could be reused over five cycles with negligible reductions in 

catalytic activity.133 A clean and efficient method for the synthesis of Benzoazoles was 

established by Niknam and colleagues with the use of Cr-based MIL-101 as a heterogeneous 

catalyst.134 Kim et al. focused on implementing a solvent-free approach for the 

isomerization of dicyclopentadiene (DCPD) from the endo- to the exo-form with the use of 

heterogeneous catalysts. Fe and Cr-based MIL-100 and MIL-101 catalysts were investigated 

with Fe-MIL-101  and Cr-MIL-101 MOFs displaying higher selectivity compared to Fe-MIL-

100 and Cr-MIL-100 owing to the high number of acid sites.135 The use of Fe-MIL-101 for the 

degradation of organic waste in aqueous solutions has also been investigated by numerous 

researchers, exhibiting exceptional results when compared to other MOFs.136 

Different means have been employed to enhance catalytic performance of Fe-MIL-101, 

including functionalization by adding a reactive group to the organic linker such that MOFs 

are active and selective solid organocatalysts.137 An investigation conducted by Barbosa et 

al. on the catalytic performance of Fe-MIL-101 and Fe-NH2-MIL-101 revealed no difference 

in their catalytic activities with 100% selectivity towards the ring opening of cyclohexene 

oxide in the presence of aniline. Cyclic voltammetry studies however, showed a significant 

improvement of the electrochemical response with Fe-NH2-MIL-101 compared to Fe-MIL-

101.138 A recent study by Chen et al. on the removal of imidacloprid (IMC) from aqueous 

solution saw Fe-NH2-MIL-101 possessing a higher adsorption capacity when compared to Fe-

NH2-MIL-88B with a removal ratio of 97 and 93 %, respectively.139 

Composites are two or more materials combined to address the shortcomings of another, 

usually consisting of dissimilar properties, such that a desirable material emerges. MOFs 

have been composited with various materials for improved adsorption and catalytic 

performance. Zhao et al. reported improved photocatalytic performance of Fe-MIL-101/g-

C3N4 compared to Fe-MIL-101 and g-C3N4 for the degradation of bisphenol A and Cr(VI) 

reduction under visible lights.140 Multi-walled carbon nanotubes were fabricated onto Fe-

MIL-101 for enhanced visible-light photocatalysis of ciprofloxacin in aqueous solution.141 

CNT@Fe-MIL-101 had a lower band gap energy, faster activation and electron transfer were 
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achieved thus a higher removal rate was observed with improved stability in water 

compared to Fe-MIL-101. Gündugar and Semerci recently reported Fe-MIL-101 composited 

with reduced graphene oxide (rGO) and polyaniline (PANI) for enhanced capacitive energy 

storage properties.142 

2.2.3.2 Gas storage in MIL MOFs 

Gas adsorption is a classical application known for MOFs owing to the rapid adsorption 

kinetics, superior adsorption characteristic and reversibility as well as high concentrations of 

active sites (CUS). The MIL-101 structured MOFs particularly became attractive candidates 

for use in gas storage and hydrocarbon purification as a result of their naturally large surface 

areas and pore volumes.  Lee et al. investigated the effect of purification conditions of Cr-

MIL-101 on gas storage and C2 hydrocarbon separation. Cr-MIL-101 obtained through the 

three-step sequential purification (Cr-MIL-101c) exhibited the highest total hydrogen uptake 

at 50 bar and 77 K, the highest C2H2 storage capacity and higher adsorption capacities of 

hydrocarbons. The increased number of purification steps removed most of the terephthalic 

acid in the pores of Cr-MIL-101c thus resulting in higher surface areas and pore volume in 

comparison to those with one and two-purification steps (Cr-MIL-101a and b).143 

Cr-MIL-101 synthesized using a solvent-free method at equimolar Cr:BDC, displayed CO2 

adsorption capacity of 18.8 mmol/g at room temperature, a value higher than what had 

been reported in the literature at the time.144
  The adsorption capacity of CO2 from a stream 

of flue gas with trace contaminants using Cr-MIL-101 as an adsorbent was evaluated by Lui 

et al., and it was shown that the performance of the MOF was minimally impacted and 

preserved after a 5-cycle regeneration.145 In a comparative study conducted by Hong et al. 

on the adsorption capacities of CO2 for Cr-MIL-101 and zeolite 13X monoliths, Cr-MIL-101 

monoliths showed a superior CO2 adsorption performance by 37%  and 1.5 times more 

efficiency than 13X zeolite monoliths.146 Joshi and co-workers evaluated the efficacy of Zr-

UiO-66, Ti-MIL-125, Cr-MIL-101 and their amine-functionalized analogues for the adsorption 

of hydrogen sulphide (H2S) in natural gas. Cr-NH2-MIL-101 had the highest concentration of 

adsorbed H2S even in mixtures consisting of CO2, therefore, amine-functionalized MOFs 

displayed enhanced H2S uptake capacities when compared to their respective parent 

materials.147 
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2.2.3.3 Hydrogen storage in MIL MOFs 

In recent years, MOFs have been have been extensively investigated for energy applications, 

more especially for hydrogen storage. This is mainly due to hydrogen energy serving as one 

of the most promising alternative for the replacement of non-renewable energy resources 

and significantly reduces environmental pollution. Hydrogen is an ideal energy carrier that 

releases water as a main by-product after being combusted. Ren et al. investigated the 

effect of formic acid as a modulator at different concentrations for the synthesis of Cr-MIL-

101 to be used for H2 adsorption. A higher molar ratio of formic acid produced Cr-MIL-101 

with better specific surface area and hydrogen storage capacities.148 Various strategies have 

also been explored for enhancing binding energies of MOFs towards H2 and in that way 

improving their H2 storage capacities. Metal doped MIL-MOFs and composites have 

displayed enhanced H2 adsorption capacities at cryogenic and ambient temperatures, 

transition metals such as platinum and palladium supported on carbon have been used.  

A study by Klyamkin et al. investigated H2 storage in Pt/C doped Cr-MIL-101 at high 

pressures. Cr-MIL-101 was modified with a Pt supported on carbon black catalyst as a 

promoter of hydrogen chemisorption.149 Ghoufi et al. conducted a theoretical H2 adsorption 

study on Cr-MIL-101 doped with Li+, Mg2+, Mn2+, and Co2+ using the grand canonical Monte 

Carlo simulations (GCMC) at cryogenic temperature (77 K). The predicted H2 storage 

capacity of the cation doped Cr-MIL-101 showed a 10% increase in the amount of adsorbed 

H2.150 Prabhakaran and Deschamps reported the effect of lithium as a dopant in Cr-MIL-101 

and Al-MIL-53 MOFS for H2 adsorption at cryogenic and ambient temperature under high 

pressure (>100 bar). The study revealed that doping with little amounts of Li (738 and 630 

ppm) enhanced H2 uptake capacity however, excessive concentrations of Li compromise the 

structure of the framework thus a decrease in hydrogen uptake capacities is observed.151 

Flexible MOFs such as MIL-53 and MIL-88 tend to have exceptional respiratory effect on gas 

adsorption and can swell to accommodate gas molecules adsorbed into the pores. In a study 

conducted by Yurdusen et al., the pore sizes of Fe-MIL-88B crystallites were optimized 

through the control of Fe:TPA ratio that resulted in an increase in the fraction of 

ultramicropores which then ultimately enhances H2 adsorption capacities at 298 K.152 Fe-

MIL-88 series were evaluated for H2 adsorption capacities by evaluating the H2 adsorption 

isotherms at cryogenic and room temperatures as well as at pressures below 100 bar using a 
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grand canonical Monte Carlo (GCMC) simulations. Fe-MIL-88D exhibited the highest 

absolute and excess gravimetric H2 capacities of 5.15 wt% and 4.03 wt% at 77 K, and 0.69 

wt% and 0.23 wt% at 298 K, respectively.114 Huynh et al. also investigated H2 storage in M-

MIL-88A substituted with trivalent transition metals in place of Fe.  Sc-MIL-88A exhibited the 

highest gravimetric and highest volumetric uptake H2 uptake compared to the other M-MIL-

88A at cryogenic temperature and ambient temperature.153 

2.2.4 Limitations of MOFs 

The past two decades have been a thrilling journey in the field of porous materials since the 

discovery of MOFs, which created much excitement as more and more MOF structures were 

developed with the possibility of being applied in numerous applications. Unfortunately, the 

commercialization of MOFs proved much harder than anticipated owing to the scalability 

and costs associated with the synthesis processes.154 Several factors have limited the 

industrial production of MOFs, these include the use of large amounts of solvents, intensive 

energy requirements with longer reaction times and high costs of starting materials.155  

Though a few MOFs are produced industrially, most of them are produced in milligram (mg) 

scale.156 This has led to the development of greener synthesis processes with less harsh 

conditions and that make use of less or no solvents as means to address these issues. The 

recycling of waste for use as starting materials in replacement of the pure and expensive 

commercial grade has sparked quite an interest recently as an approach to address the high 

costs of starting materials.157 The process of waste removal from the environment and 

converting it to valuable products is referred to as waste beneficiation. 

2.2.5 Waste to MOFs 

MOFs play a key role in various fields due to their versatile application capabilities. This has 

then prompted many researchers to explore much simpler synthesis methods that will 

consume much less energy, impose low process efficiency, and make use of small amount of 

raw material.158 MOFs have been researched widely with numerous structures developed 

over the years, however, a large portion of MOFs remains at development with no very few 

of them being produced at industrial scale due to the high costs of the raw materials.159 The 

use of waste materials for the synthesis of MOFs could serve as a solution to the production 

costs and scaling up thus allowing for industrial applications.160 The recycling of waste to 

produce value-added products has become a familiar concept more especially in the 
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chemical industry as a shift towards green chemistry is imperative. Deriving precursors from 

wastes such as polyethylene (PET) bottles (for organic linker precursor), waste batteries (for 

metal ions such as Cu, Co and Li), coal fly ash (for extraction of Al) or even waste waters (for 

metal extraction) are options worth exploring towards reducing costs associated with the 

synthesis of MOFs.41, 161-163 The combination of waste PET-derived BDC and AMD-derived Fe 

metal as precursors in the synthesis of MOFs offers environmental preservation and waste 

beneficiation. Past research has indicated that the use of low-cost waste-derived precursors 

does not compromise the integrity of the material and therefore could offer a viable option 

in abating the high costs associated with the starting materials.164-165 

2.2.5.1 Polyethylene terephthalate (PET) 

Recently, the use of polyethylene terephthalate (PET)-derived terephthalic acid (BDC) as an 

organic linker for the synthesis of MOFs in replacement of the pure grade commercial BDC 

has been extensively explored.  Polyethylene terephthalate, commonly abbreviated as PET 

or PETE, is a thermoplastic resin in the polyester family used for the production of food 

packaging materials, video tapes and x-ray films. Since PET is non-biodegradable polymer, 

the products from recycled PET are of low value and have adverse effects on the 

environment due to the presence of contaminants.41 The innovative use of recycled waste 

PET for MOF synthesis would contribute to a suitable route for the elimination of PET waste 

in landfills, assist in decreasing the consumption of fossil fuels and emission of greenhouse 

gases, as well as preserve the chemical value of polyester while creating a high-value end-

use market for PET wastes.166   Since PET is made from the BDC and ethylene glycol (EG), 

waste PET bottles have recently been used for the extraction of BDC to use as an organic 

linker in the synthesis of MOFs. 

Quite a few MOFs have to-date been reported to have been synthesized using PET as a 

source for the organic linker and seem to present similar properties to those synthesized 

using pure commercial grade precursors.167 Five nano porous trivalent MOFs were 

synthesized by Sheng-Han Lo and co-workers using PET-derived BDC as an organic linker 

instead of terephthalic acid, and all the characterization strongly supported that the 

synthesized MOFs using PET are similar to those synthesized using commercial grade BDC in 

literature reports.168 Similar studies were carried out by Deleu et al. where Al-MIL-53 and V-

MIL-47 were synthesized, and Ren et al. studied the synthesis of a Cr-based MOF. Both 
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studies investigated the synthesis of MOFs using PET-derived BDC as an organic linker as 

opposed to the commercial grade BDC. The results were similar to those previously 

obtained in literature from commercial grade precursors and the Cr-MOF displayed superior 

textural and hydrogen storage properties.166, 169 

Dyosiba et al. focused on the use of various types of waste PET as sources of BDC linker for 

the synthesis of the zirconium-based MOF UiO-66(Zr). As expected, textural properties of 

waste PET-derived UiO-66(Zr) MOFs were analogous with those obtained from MOFs 

prepared using commercial BDC, however, lower BET surface areas were observed for MOFs 

synthesized from coloured PET waste bottles owing to the presence of organic dyes that 

then reside in the pores of the MOF.159 Eléonore Lagae-Capelle and co-workers reported the 

combination of PET-derived BDC with Al recovered from Lithium-ion batteries, a Al-MIL-53 

prepared had very similar properties to the material formed with pure chemical 

compounds.41 

2.2.5.2 Acid mine drainage (AMD) 

Metal sources such as spent lithium-ion (Li) batteries and the extraction of heavy metals in 

wastewaters have been reported in literature such that the synthesis of MOFs is 

economically viable. 161-162, 170-171 AMD serves as an alternative metal source since it consists 

of high concentrations of heavy metals, more especially iron (Fe).  AMD is a resultant waste 

from mining processes that is highly acidic, rich in heavy metals and sulfate.172-173 AMD 

typically has low pH with high contents of iron metal and a portion of other metals, thus 

polluting underground and surface water which has devastating effects on biological 

activities.174-175 Various technologies have been implemented for the remediation of AMD, 

though others have no adverse effect on the environment sustainability and are cost-

effective, the recycling of metal ions for effective application could be beneficial. Elemental 

composition of AMD is dependent on the chemistry of the weathered rock and will 

constitute of many elements, hence AMD can serve as a viable option as a source for 

metals.176-177  

The formation of AMD is enabled by the extraction of metal ores or coal which results in 

sulfide-containing minerals exposed and susceptible to oxidation by air or water. 178The 

oxidation of these minerals by water leads to formation of metal sulfates and sulphuric acid 

(see equation 1). Further oxidation may occur where ferrous sulfate is converted to ferric 
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sulfate (equation 2), a reaction catalysed by the presence of an acid bacteria known as 

acidithiobacillus. This is the rate-determining reaction and it is pH dependent; in the 

absence of the bacteria and low pH values, the conversion is relatively slow and increases 

with increasing pH values. The formed ferric sulfate is dissociated to its ion form due to the 

acidic nature of water hence the subsequent hydrolysis of the ferric ion therefore, yielding 

ferric hydroxide (Fe(OH)3) which gives the water its yellow or orange colour (see equation 

3). The formed Fe(OH)3 remains in solution under acidic conditions and precipitates out at 

alkaline conditions.179-180 AMD occurs through a series of geochemical and microbial 

reactions as shown in the chemical reactions below: 

 

              
                   Oxidation of pyrite (2.2.1) 

 

                                
   Conversion of Fe2+ to Fe3+ (2.2.2) 

 

                            Hydrolysis of Fe3+ (2.2.3) 

 

AMD serves as a potential alternative for the extraction of metals to be utilized in the 

synthesis of MOFs whilst abating pollution and lessening the expenses associated with MOF 

synthesis. AMD is mostly composed of Fe, Al, Mn, Ca, Na, and Mg in addition to traces of Cu, 

Co, Zn, Pb, and Ni thus can serve as a viable option as a source for metals.181 The use of 

different alkaline reagents has been employed as one of the techniques used for the 

recovery of metals which yields hydroxides or carbonates.172, 176-177, 182-184 Seo et al. used 

three neutralizing reagents (NaOH, Na2CO3 and Ca(OH)2) for the sequential selective 

precipitation of  Fe, Al and Mn by control of the pH. The study revealed that the type of 

neutralizing agent had insignificant effect on the precipitation order of the metals, where Fe 

precipitated out ahead of Al at approximately pH 3.5 and Mn was the last to precipitate 

out.185 A yellow pigment (goethite) was successfully prepared from Fe recovered from AMD 

through selective precipitation. This was achieved by ensuring that metals that might 

adversely affect the growth of pure goethite are eliminated through purification, alkaline 

reagent used as well as the separation method employed.39 
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Furthermore, Akinwekomi et al. proposed a novel method of beneficiating AMD through the 

synthesis of valuable minerals with various possible industrial applications. The study 

indulged in the successful synthesis of high purity goethite, hematite, magnetite, and 

gypsum through a selective precipitation method of Fe as Fe(III) and Fe(II) species at pH 3.5 

and 8.5, respectively.186 Flores et al. reported the use of Iron oxide particles recovered from 

AMD through a sequential precipitation as low-cost feedstock for the production of 

geothite, ferrihydrite and magnetite. Thermal treatment of the recovered solids resulted in 

a suitable catalyst for the removal of azo procion red dye from aqueous solutions.187  

Plenty of research studies towards the recovery of Fe from AMD to produce valuable 

materials have proven that the Fe recovered is still highly capable of producing high quality 

products with properties comparable to those of commercial grade. The use of AMD-

derived Fe for the synthesis of Fe-based MOFs has not been reported as yet and by 

combining the use of waste PET as well as AMD-derived Fe metal, a completely green 

approach to Fe-MOFs synthesis can be achieved. Previous research has proved that the use 

of Fe metal for the MOF synthesis offers increased adsorption activity and the higher the 

valency the more thermally stable the MOF will be owing to increased metal-ligand bond 

strength.188 Fe recovery from the AMD also contributes towards waste beneficiating, 

circular economy and reclaiming of drinking water that will be suitable to aquatic life.189 

2.3 Chapter summary 

Various structures and topologies of MOFs have been developed over the years and have 

found use in a variety of applications as a result of the unique properties they possess. The 

synthesis conditions greatly influence MOF topology and are to be taken into consideration 

during the design of MOFs. MIL-MOFs are a group of innovative crystalline materials 

consisting of metal ions/units connected through organic linkers with strong covalent bonds. 

They have found use in various applications such degradation of organic materials in waste 

waters, catalysis, gas separation and H2 adsorption. MOFs however, are limited by the use 

of large solvents and energy requirements during for large scale production. The high cost of 

the raw materials used in the synthesis of MOFs has been the greatest challenge and as a 

result, means to reduce these costs include strategies such as waste beneficiation. The 

recovery of Fe from AMD to use as a metal source and PET as an organic linker could serve 

as a solution whilst abating pollution.  Several studies have been conducted on the use of 
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waste materials for the synthesis of MOFs that displayed little to no defect in textural and 

physical properties of MOFs.   
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Chapter 3 

3. Experimental 

3.1 Chapter outline 

The synthesis of MOFs using the conventional solvothermal synthesis is the most common 

method owing to their simplicity. Solvothermal synthesis typically offers the solvent as the 

reaction media but it also partakes in the transportation, and energy dispersion of 

chemicals. The choice of solvent, reaction conditions and reactants concentrations are some 

of the attributes to take into consideration when aiming to achieve a certain MOF 

morphology. This chapter presents the procedures employed for the synthesis of the MIL 

MOFs and their characterization. Several characterization tools are used to confirm the 

structure and morphology of the MOFs as well as determine their textural properties. 

Hydrogen adsorption studies are also carried out on the materials to determine H2 

adsorption capacities at cryogenic temperatures and lower pressure range (<1.2 bar). 

3.2 Synthesis of MIL MOFs 

The synthesis of Fe-based MOFs followed a 3-step process as presented in Figure 9. The 

process is separated into three (3) steps; A, B and C. The initial step is the depolymerisation 

of the PET waste bottles to obtain terephthalic acid, denoted as A.  
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Figure 9: Schematic diagram summarising the entire process leading up to the synthesis of 

waste-derived Fe-MIL-101 and Fe-MIL-88B MOFs. 

The second step (denoted B) is the extraction of Fe from the AMD using three (3) different 

methods, however, only two are outlined on the diagram since the omitted method also 

makes use of NaOH but does not make use of H2O2. Lastly, Figure 9C is the solvothermal 

synthesis of Fe-based MIL-MOFs from waste-derived precursors (A and B) and commercial 

precursors. 

3.2.1 Materials and reagents 

Iron (III) chloride hexahydrate (FeCl3∙6H2O, Sigma Aldrich, 97%), iron (III) nonahydrate 

(Fe(NO)3∙9H2O, Sigma Aldrich, 98%), terephthalic acid (1,4-BDC, Sigma Aldrich, 98%), 

ethylene glycol (HOCH2-CH2OH, Sigma Aldrich, 99.8%), N,N-dimethylformamide (DMF, Sigma 

Aldrich, 99.8%), hydrogen peroxide (H2O2, 50%), sodium hydroxide (NaOH pellets, Sigma) 

and ethanol (CH3CH2OH, Sigma Aldrich) were used without further modification. Waste PET 

water bottles were collected from household waste. The caps, rings and labels were 

removed and then cleaned to avoid contamination. They were cut into small pieces. AMD 

water was collected from a gold mine in the Gauteng region of the Republic of South Africa 

(RSA). 
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3.2.2 Depolymerization of Poly ethylene (PET) waste bottles 

The depolymerization of waste PET was carried out in a 500 mL Teflon-lined, high-pressure 

reactor. 125 g of PET flakes, 125 mL of ethylene glycol (EG) and 300 mL of H2O were added 

into the reactor and then gradually heated until a temperature of 210 °C was achieved and 

maintained for 8 h. Once the reaction time had elapsed, the product was then centrifuged, 

washed twice with ethanol, and dried at 100 °C for 24 h. Waste-derived BDC was then 

further used as a precursor in the synthesis of Fe-MOFs. 

3.2.3 Extraction of Fe metal from AMD 

Fe was precipitated by two methods, first by leaving AMD in open air at room temperature, 

which resulted in the oxidation of Fe2+ to Fe3+ which ultimately precipitated out. The 

precipitate was then filtered under vacuum, washed thoroughly with deionized water and 

dried at 100 C overnight. The resultant product was ground to fine powder and labelled 

rAMD-Fe. 

The second method was the selective precipitation of iron by pH control at room 

temperature using an alkaline reagent as reported by Seo et al.185 In a typical procedure, Fe 

was first oxidized from Fe2+ to Fe3+ using 30 % H2O2, this solution was then neutralized with 

4 M NaOH solution to pH end points of 3.0-3.5. The precipitated product was recovered by 

filtration under vacuum and dried overnight at 100 C.190-191 The dried precipitate was 

ground to fine powder and labelled OHoAMD-Fe. To assess the effectiveness of the oxidation 

step, raw AMD was neutralized with 4 M NaOH to a pH of 3.0-3.5 and the formed 

precipitate was washed with distilled water, dried at 100 °C and then labelled OHAMD-Fe. 

3.2.4 Synthesis of Fe-MOFs 

The synthesis of MOFs was carried out using three different Fe metal sources to assess their 

effects on the morphology and textural properties of the MOFs. The extraction of Fe from 

the AMD was carried out via two extraction methods, 1) NaOH at pH 3.5 and 2) air injection 

to obtain Fe(OH)3 and FeHO2, respectively. Two commercial Fe sources were explored 

(FeCl3∙6H2O and Fe(NO)3∙9H2O) thus the two AMD-derived Fe were each dissolved in two 

acids, HCl and HNO3, separately. Commercial BDC or PET-derived BDC as an organic linker 

source was combined with each of the Fe sources in solvothermal synthesis at suitable 
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conditions to yield either MIL-101 or MIL-88B. Detailed experimental procedures are 

described below in the next sections. 

3.2.4.1 Fe-MIL-101 synthesis 

Fe-MIL-101 was synthesized using FeCl3·6H2O (or Fe(NO)3∙9H2O) as a metal source and 

H2BDC or PET-BDC as organic linkers. A procedure reported by Kholdeeva et al. (2019) was 

used with minor modifications.192 In a typical procedure, 5.2 mmol of FeCl3·6H2O and 2.6 

mmol of either H2BDC or PET-BDC were fully dissolved in 30 mL DMF, transferred to a Teflon 

lined autoclave and heated at 110 o C for 20 h. The resultant red precipitate was then 

centrifuged,  followed by washing with DMF and hot ethanol (3 h) twice, respectively.193 The 

product was then dried at 80 o C under vacuum overnight. MOFs prepared from commercial 

Fe source and commercial grade BDC were labelled as Fe-MIL-101(Cl) and Fe-MIL-101(NO3) 

whereas those prepared from PET-derived PET were labelled Fe-MIL-101(Cl)pet and Fe-MIL-

101(NO3)pet. 

The synthesis of Fe-MIL-101 from rAMD-Fe and OHAMD-Fe followed a similar procedure as 

with the commercial Fe sources. However, 5.2 mmol of rAMD-Fe or OHoAMD-Fe were first 

dissolved in a stoichiometric amount of HCl or HNO3 with heating at low temperatures (~60 

°C) prior to mixing with a solution containing BDC dissolved in DMF. The MOFs synthesized 

by the dissolution of the precipitates in HCl were labelled as rAMD-Fe-MIL-101(Cl), rAMD-

Fe-MIL-101- (Cl)pet, OHoAMD-Fe-MIL-101(Cl) and OHoAMD-Fe-MIL-101(Cl)pet. Samples 

prepared from HNO3 were labelled as rAMD-Fe-MIL-101(NO3), rAMD-Fe-MIL-101(NO3)pet, 

OHoAMD-Fe-MIL-101(NO3) and OHoAMD-Fe-MIL-101(NO3)pet.  

3.2.4.2 Fe-MIL-88B synthesis 

Fe-MIL-88B MOFs were synthesized using a procedure previously reported by Xu et al., 

(2016). In a typical procedure, 9.06 mmol of the metal source (FeCl3·6H2O or 

Fe(NO3)3∙9H2O), 9.06 mmol of the organic linker (H2BDC or PET-BDC), 0.30 g of NaOH and 

4.47 mL of CH3COOH were all dissolved in 50 ml DMF. The mixture was heated at 110 o C for 

20 h using a teflon-lined stainless-steel bomb in a static oven. The resultant brown-red 

precipitate was separated from the solvent via centrifugation followed by washing with 

DMF and hot ethanol (3 h) twice.193 The product was finally dried at 80 o C under vacuum 

overnight. MOFs prepared from commercial Fe and commercial grade BDC were labelled as 
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Fe-MIL-88B(Cl) and Fe-MIL88B(NO3) whereas those prepared from PET-derived BDC were 

labelled Fe-MIL-88B(Cl)pet and Fe-MIL-88B(NO3)pet. 

The synthesis of Fe-MIL-88B from rAMD-Fe and OHoAMD-Fe followed a similar procedure as 

with the commercial Fe sources. However, 9.06 mmol of rAMD-Fe or OHAMD-Fe was 

dissolved in a stoichiometric amount of HCl or HNO3 with heating at low temperatures (~60 

°C) prior to mixing with a solution of terephthalic acid dissolved in DMF. The MOFs 

synthesized by the dissolution of the precipitates in HCl were labelled as rAMD-Fe-MIL-

88B(Cl), rAMD-Fe-MIL-88B(Cl)pet, OHoAMD-Fe-MIL-88B(Cl) and OHoAMD-Fe-MIL-88B- (Cl)pet. 

Samples prepared from precipitates digested in HNO3 were labelled as rAMD-Fe-MIL-

88B(NO3), rAMD-Fe-MIL-101(NO3)pet, OHoAMD-Fe-MIL-88B(NO3) and OHoAMD-Fe-MIL-

88B(NO3)pet. 

3.3 Characterization 

Prior to Fe extraction, raw AMD as well as samples of AMD after the extraction of Fe were 

analyzed for pH and Fe content. The pH meter was first calibrated at pH 4 and 7. The 

prepared materials were analyzed for various properties with each characterization 

technique and conditions further explained below:  

3.3.1 Inductively coupled plasma- optical emission spectroscopy (ICP-OES) 

ICP-OES is a quantitative technique used to determine elemental composition of solution-

based samples. This technique makes use of plasma to excite atoms and a spectrometer to 

quantify the energies given off by the atoms as they exit the excited state. An ICP-OES 

Perkin Elmer, optima 2100 DV was used to quantify the metal ions present in the AMD 

samples. Standards of known concentrations were first run to generate a calibration curve 

prior to running the AMD water samples for quantification of the elements present. To 

quantify the total metal concentration in the collected AMD sample, the sample was filtered 

under vacuum to remove any suspended solids that may be present. Metal concentration 

was also determined in samples after Fe was extracted to determine the efficiency of the 

extraction methods. 

3.3.2 Thermogravimetric analysis (TGA) 

TGA is an analytical technique used to establish thermal stabilities of materials as well as the 

fraction of volatile components by monitoring the weight change that occurs as a sample is 
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heated at a constant rate to generate a TGA curve (Weight % against temperature). TGA can 

be run under inert, reductive or oxidative conditions depending on the nature of the sample 

and information required about that particular material. The environment under which the 

sample is heated plays a significant role as different environments can affect each material 

differently.194 This technique is less expensive, fast, easier, and serves as a valuable tool for 

understanding nano materials and polymer composition.195-196 The evaluation of the 

thermal stabilities of the prepared MOF materials was carried out with the Mettler, Toledo, 

TGA/SDTA 851e instrument.  

3.3.3 Powder X-ray diffraction (PXRD) 

PXRD is a technique used for structural analysis of microcrystalline solid materials or powder 

samples. PXRD gives information about the crystal phases, degree of crystallinity as well as 

the crystallite size of the material. PXRD is a highly sensitive, non-destructive technique that 

is fast and reliable, cost-effective with a simple sample preparation. “X-rays are partially 

scattered by atoms when they strike the surface of a crystal and some pass though the next 

layer which then causes an overall diffraction pattern. If beams diffracted by two different 

layers are in phase, constructive interference occurs and the diffraction pattern shows a 

peak. However, if they are out of phase, destructive interference occurs appear and no peak 

is observed. Diffraction peaks only occur if it follows Bragg’s Law.”197-199 See equation 3.1 

and Figure 10 for mathematical and graphical explanation of Bragg’s law:200 

 

             Bragg’s equation (3.3.1) 

 

Where; n is an integer 

  λ is the wavelength of the incident X-ray beam 

  d is the path difference between the atomic layers 

  and θ is the angle of incidence 
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Figure 10: Schematic representation of the Bragg's law concept. Taken from reference 200. 

3.3.4 Fourier transform infrared spectroscopy (FTIR) 

FTIR was used for structural elucidation by determining the functional groups present in the 

materials. FTIR is an analytical technique that measures the absorption and emission of 

infrared radiation over a range of wavelengths. This technique may be applied to solid or 

liquid samples.201 In an FTIR, the sample is subjected to a single pulse of radiation with 

frequencies in a specific range. At particular frequencies (which are characteristic of the 

sample), the sample will absorb the radiation, resulting in a series of peaks in the spectrum 

that can be used to identify the sample.202 Figure 11 gives a summary of the working 

principle and components of the FTIR instrument.203 FTIR spectra of the commercial Fe 

source, Fe precipitates, commercial and PET-derived BDC as well as synthesized MOFs were 

recorded on a PerkinElmer Spectrum 100 Fourier transform infrared (FTIR) spectrometer, at 

a range of 4000 to 650 cm−1. 



39 
 

 

Figure 11: Working principles of the Fourier-Transform Infrared spectroscopy. Reproduced 

from reference 203. 

3.3.5 Scanning electron microscopy (SEM) 

SEM is a very powerful analytical technique used to study surface morphologies of a variety 

of materials to produce high resolution images. The SEM technique makes use a beam of 

highly charged electrons to scan through the surface of the material to capture information 

about the crystallite structure, size, and nanoparticle distribution within the materials.92, 204  

 

Figure 12: Schematic representation of Scanning Electron Microscopy (SEM). Image 

reproduced from reference 205. 
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Electrons are produced in the optical column of the microscope, held under vacuum, by 

means of an electronic gun situated at the top of the microscope, thus following a vertical 

path through the microscope (Figure 12). This beam of electrons is directed towards the 

specimen by passing through electromagnetic field, condensing and objective lenses, as well 

as apertures of varying diameters to adjust the density of the lens. When the electron beam 

strikes the specimen placed on a stage, secondary electrons, backscattered electrons, and 

characteristic X-rays are produced and then collected by one or more detectors to create an 

image. Figure 13 presents the process of specimen-electron beam interaction.205-206 

 

Figure 13: Schematic representation of the electron beam interacting with the specimen. 

Image reproduced from reference 205. 

 

3.3.6 Adsorption-desorption studies- Brunauer-Emmett-Teller (BET) theory 

Adsorption is a phenomenon where gas molecules or solute adhere onto the surface of the 

material or substance through chemical bonding (chemisorptions) or physical forces 

(physisorption). Chemisorption occurs when a chemical reaction occurs to form a strong 

chemical bond between the adsorbate and adsorbent usually resulting in a single-layer of 

adsorbed molecules. Physisorption occurs when the adsorbate adheres to the surface of the 
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adsorbent through weak Van der Waal forces thus allowing multi-layered adsorption and 

requires low activation energy. Various theories have been used to explain physisorption, 

however, the Brunauer-Emmett-Teller (BET) theory became the most popular for multilayer 

adsorption. The BET theory extends from the Langmuir theory used for monolayer 

adsorption and makes use of three (3) hypotheses;  

i. All gas molecules are physically adsorbed onto the surface of the adsorbent such 

that only a monolayer is formed. 

ii. Only one adsorbate is adsorbed onto each active site with no interaction occurs 

between adsorbates on different sites. 

iii. All sites have the same heat of adsorption which is not dependent on the number of 

active sites available on the surface. 

BET theory however, addresses the limitations presented by the Langmuir theory thus 

adding the following assumptions; 

i. Gas molecules adsorb onto the surface of the adsorbent infinitely to form multiple 

layers of adsorbate. 

ii. This results in molecule-molecule interactions of adjacent molecules however, 

different layers do not interact. 

iii. The Langmuir theory is applied for each layer of adsorbates. 

In BET analysis, an inert gas, typically Nitrogen or Argon, is passed though the material at 

cryogenic temperatures which then leads to physisoption of the gas on the surface and 

pores of the material. An adsorption isotherm is then produced, characteristic to the pore 

size of the pores (type I-V, see Figure 14).207 The type I isotherm is used to describe 

materials with mocropores indicating the presence of only the monolayer. Type II isotherm 

is common for non-porous or macroporous materials with strong adsorbate–adsorbent 

interactions, the presence of a monolayer is observed at low pressures and then the sharp 

increase at medium pressures indicate the formation of multilayer. Type III and V isotherms 

form when weak interactions between the adsorbent and adsorbate exist thus the formed 

monolayer does not conform to the BET theory. Type V indicates mono and multilayer 

adsorption as well as when capillary condensation occurs as with type IV isotherm however, 

the latter generally observed with for mesoporous materials. 208 



42 
 

 

Figure 14: Adsorption Isotherms for gas as per the IUPAC classification. Reproduced from 

reference 207. 

The amount of gas molecules adsorbed on the adsorbent material is generally used to 

calculate the surface area of the material. The BET equation defined in equation 3.2 is used 

to calculate the surface area of the material.  

 

 

   
  

      
 

 

   
 

   

   
 
 

  
  

 

BET equation (3.3.2) 

Where,    is the amount of adsorbed gas molecules 

     - saturation pressure of the adsorbates 

    - pressure of adsorbates at equilibrium  

    - BET constant (energy of adsorption in the first adsorbed layer) 

BET surface areas are obtained from the linear region of the N2 isotherms. Prior to analysis, 

samples are degassed in the analysis tube under vacuum by heating at elevated 

temperatures to remove solvent molecules trapped in the pores of the materials whilst 

avoiding loss of framework crystallinity. Gas adsorption capacities (i.e CO2 and H2) can also 

determined at cryogenic temperatures (77K) and varying pressures to establish optimal 

conditions with maximum storage capabilities.  
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3.3.7 X-ray spectroscopy (XPS) 

The surface chemistry of the Fe precipitates obtained from the AMD was analyzed using an 

XPS technique to quantitatively determine elemental composition, chemical and electronic 

state of the atoms that make up the Fe precipitates. This technique applies the concept of 

the photoelectric effect, a phenomenon whereby electrons at a state of rest absorb the 

energy of the electromagnetic radiation (eg. Light or x-rays) that hits the surface of the 

metal, these electrons then become electrically charged and move from the state of rest to 

the excited state thus being ejected from the surface of the metal (see the illustration in 

Figure 15).209 

 

Figure 15: Representation of the photoelectric effect. Image reproduced from 

https://theory.labster.com/photoelectric-effect/, accessed on the 06/12/2022 

 

                Energy conservation equation (3.3.3) 

 

    is the x-ray energy, 

   is the kinetic energy of the ejected electron 

   is the spectrometer work function 

      is the electron binding energy of the  th atomic orbital 

The XPS technique uses a monoenergetic soft X-ray beam to excite the molecules on the 

surface of a sample, leading to photoelectrons being emitted from the surface of the 

material. Upon relaxation, the photoelectron gives off characteristic kinetic energy which is 

then measured by the detector thus providing information about the electronic states of the 

https://theory.labster.com/photoelectric-effect/


44 
 

atom and surface properties of the material.210-211 Chemical shifts also can be used to 

determine how the atom is bonded thus providing the actual chemical state of the 

material.212-213 XPS analysis of the obtained Fe precipitates was conducted using a Thermo 

ESCAlab 250Xi Spectrometer with X-rays of monochromatic Al kα (1486.7 eV). The survey 

spectra were examined at 100 eV, high resolution at 20 eV. 

3.4 Chapter summary 

The synthesis of MOFs from commercial precursors followed a conventional method- 

solvothermal synthesis owing to the simplicity and better understanding of the method. 

MOFs synthesized from PET-derived BDC have been widely reported in literature and 

proved to not affect the integrity of the MOFs. BDC was derived from PET by mixing with 

water and EG at elevated temperatures (210 °C), the resultant white powder was then used 

for the synthesis of MOFs by combining with commercial Fe source precursors or waste 

derived metal precursors. To synthesize MOFs from waste derived metal source, Fe was first 

extracted from the AMD using a chemical method (H2O2 and NaOH) and natural 

precipitation of Fe. The obtained Fe precipitates were then combined with commercial BDC 

or PET derived BDC to obtain either Fe-MIL-101 or Fe-MIL-88B. Characterization of the 

waste precursors and synthesized MOFs was the most important aspect as it proved 

whether the desired material had been obtained or not. Various analytical techniques were 

consulted in this regard to determine the morphology, crystal phases and sizes, textural and 

thermal properties chemical and electronic composition as well as the functional groups 

within the materials.  
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Chapter 4 

4. Results and discussion: Fe-MIL-101 

4.1 Chapter outline 

Chapter 4 outlines and discusses the results of the synthesized Fe-MIL-101 MOFs from 

commercial and waste precursors. The chapter sets off by discussing the elemental 

composition of AMD prior to the extraction of Fe precipitates and then discusses structural 

properties of the latter. Textural, physical and chemical properties of MOFs derived from 

commercial precursors, partial and complete waste are also outlined. Weaknesses and 

strengths of the methods are identified and recommendations made for future 

investigations.  
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Abstract 

The successful synthesis of Fe-based MOFs using PET-derived BDC and AMD-derived Fe 

directly addresses the limitations of large-scale production of MOFs that is associated with 

high costs of starting materials. Fe-MIL-101 synthesized via the solvothermal route from 

waste precursor sources displayed similar properties to those synthesized from commercial 

grade precursors. XRD and FTIR spectra revealed characteristic diffraction peaks as well as 

vibrations and stretching bends that confirmed the coordination of BDC to the metal centre, 

respectively. The obtained MOFs had surface areas within the range of 500-1200 m2/g and 

mailto:NMusyoka@csir.co.za
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pore size distribution in the micro- and mesoporous range. The MOFs proved to be 

thermally stable up to temperatures above 300 C, typical of Fe-MIL-101 and further 

confirming the successful preparations of Fe-MIL-101 from both commercial and waste-

derived precursors. Hydrogen adsorption studies on the Fe-MIL-101 from waste-precursors 

yielded material yielded 1.18 wt% at 1 bar and 77 K which is comparable to the values 

previously reported in literature relative to the surface area obtained. 

Key words: Metal-organic frameworks, Acid mine drainage, Waste PET, Benzyl dicarboxylic 

acid, Fe-MIl-101, Fe-MIL-88B. 

Introduction 

Metal-Organic Frameworks (MOFs) are a group of porous materials that have attracted 

much attention over the years owing to their unique properties. As a result, MOFs have 

been found suitable for a wide range of applications including catalysis, sensors, 

supercapacitors, gas storage and separation/purification.45, 47, 214 The high costs of starting 

materials, use of large amounts of solvents as well as long reaction times for the synthesis of 

MOFs pose limitations to the up-scaling of MOFs, resulting in limited industrial application 

of MOFs. A necessity to find cheaper and easy to source raw materials for the synthesis of 

MOFs, whilst maintaining the integrity of the MOF material, has risen over the years.166 

Deriving precursors from wastes such as polyethylene terephthalate (PET) bottles, waste 

batteries, coal fly ash or even wastewaters is an option worth exploring towards reducing 

costs associated with the synthesis of MOFs.41, 161-163 Conventional recycling of PET waste 

has proven to be costly215 with low efficiency and as a result, the degrading of PET to its 

monomers to be re-used in other reactions can be a better solution.166, 216  The use of PET-

derived 1,4-Benzenedicarboxylic acid (BDC) as an alternative to commercial grade BDC has 

been reported numerous times and the previously reported data proved that the use of 

waste PET-BDC does not compromise the integrity nor the textural properties of the derived 

MOFs.165, 167, 217 However, a recent study by Dyosiba et. al (2019) informed that the use of 

colourful PET bottles to derive BDC linker in MOFs synthesis saw a decline in BET surface 

when compared to their counterparts synthesized from clear PET-derived BDC and 

commercial BDC.159 Deleu et al. suggested a one-pot synthesis procedure using waste PET, 

which involved two stages: the hydrolysis of PET and simultaneous synthesis of MOFs.169  
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On the other hand, MOFs have also been synthesised from waste metal precursors such as 

spent Li-ion batteries as reported by Rambau et al.170 Acid mine drainage (AMD) is known to 

be a great source for the harvest of metals as it is highly concentrated with heavy metals 

that can be recycled for reuse. AMD is a resultant waste from mining processes that is highly 

acidic, rich in heavy metals and sulfate.172-173 AMD typically has low pH with high contents of 

Fe and a portion of other metals thus polluting underground and surface water which has 

devastating effects on biological activity.174-175 While numerous technologies have been 

implemented to clean up the AMD that leaches into and pollute water systems. These 

technologies tend to be costly and are not efficient thus obtaining alternative use for the 

AMD waste is recommended.176-177 The use of different alkaline reagent has served as one 

of the techniques used for the recovery of metals through precipitation thus yielding 

hydroxides or carbonates.172, 176-177, 182-184 Flores et al. reported the use of Iron oxide 

particles recovered from AMD through a sequential precipitation as low-cost feedstock for 

the production of geothite, ferrihydrite and magnetite.187 Seo et al. used three neutralizing 

reagents (NaOH, Na2CO3 and Ca(OH)2) for the sequential selective precipitation of  Fe, Al 

and Mn by control of the pH.185 

By combining the use of waste PET as well as AMD-derived Fe metal, a completely green 

approach to Fe-MOFs synthesis is be achieved. In this study, Fe-MIL-101 synthesized from 

AMD-derived Fe metal and PET-derived BDC is reported, a comparison is provided for Fe-

MIL-101 prepared from commercial grade precursors following the same synthesis 

approach. 

Experimental 

Materials and reagents 

Iron (III) chloride hexahydrate (FeCl3∙6H2O), Sigma Aldrich, 97%), Iron (III) nonahydrate 

(Fe(NO)3∙9H2O, Sigma Aldrich, 98%), Terephthalic acid (1,4-BDC, Sigma Aldrich, 98%), 

ethylene glycol (HOCH2-CH2OH, Sigma Aldrich, 99.8%), N,N-dimethylformamide (DMF, Sigma 

Aldrich, 99.8%), hydrogen peroxide (H2O2, 50%), Sodium hydroxide (NaOH pellets, Sigma) 

and Ethanol (CH3CH2OH, Sigma Aldrich) were used without additional modification. Waste 

PET bottles were collected from household waste, caps, rings, and labels were removed and 
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then cleaned to avoid contamination. They were cut into small pieces. AMD water was 

collected from a gold mine in the Gauteng region of RSA. 

PET depolymerization 

The depolymerization of waste PET was carried out as per the procedure outlined by 

Dyosiba et al.159 In a typical procedure, 125 g of PET flakes, 125 mL of ethylene glycol (EG) 

and 300 mL of H2O were added into a 500 ml Teflon-lined high-pressure reactor and then 

heated to 210 °C and maintained for 8 h. The resultant product was centrifuged, washed 

twice with ethanol, and dried at 100 °C for 24 hours. The PET-derived BDC was then further 

used as a precursor in the synthesis of Fe-MOFs. 

Fe extraction from AMD 

Fe was precipitated by two methods, first by leaving AMD in open air at room temperature, 

which resulted in the oxidation of Fe2+ to Fe3+ which ultimately precipitated out. The 

precipitate was then filtered under vacuum, washed thoroughly with deionized water and 

dried at 100 C overnight. The resultant product was ground to fine powder and labelled 

rAMD-Fe. 

The second method was the selective precipitation of iron by pH control at room 

temperature using an alkaline reagent as reported by Seo et al.185 In a typical procedure, Fe 

was first oxidized from Fe2+ to Fe3+ using 30 % H2O2, this solution was then neutralized with 

4M NaOH solution to pH end points of 3.0-3.5. The precipitated product was recovered by 

filtration under vacuum and dried overnight at 100 C.190-191 The dried precipitate was 

grounded to fine powder and labelled OHoAMD-Fe. To assess the effectiveness of the 

oxidation step, raw AMD was neutralized with 4M NaOH to a pH of 3.0-3.5 and the formed 

precipitate was washed with distilled water, dried at 100 °C and then labelled OHAMD-Fe. 

MIL-101 synthesis 

Fe-MIL-101 was synthesized using FeCl3·6H2O (or Fe(NO)3∙9H2O) as a metal source and 

H2BDC or PET-BDC as organic linkers. A procedure reported by Kholdeeva et al. (2019) was 

used with minor modifications.192 In a typical procedure, 5.2 mmol of FeCl3·6H2O and 2.6 

mmol of either H2BDC or PET-BDC were fully dissolved in 30 mL DMF, transferred to a Teflon 

lined autoclave and heated at 110 o C for 20 h. The resultant red precipitate was then 
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centrifuged,  followed by washing with DMF and hot ethanol (3 h) twice, respectively.193 The 

product was then dried at 80 o C under vacuum overnight. MOFs prepared from commercial 

Fe source and commercial grade BDC were labelled as Fe-MIL-101(Cl) and Fe-MIL-101(NO3) 

whereas those prepared from PET-derived PET were labelled Fe-MIL-101(Cl)pet and Fe-MIL-

101(NO3)pet. 

The synthesis of Fe-MIL-101 from rAMD-Fe and OHAMD-Fe followed a similar procedure as 

with the commercial Fe sources. However, 5.2 mmol of rAMD-Fe or OHoAMD-Fe were first 

dissolved in a stoichiometric amount of HCl or HNO3 with heating at low temperatures (~60 

°C) prior to mixing with a solution containing BDC dissolved in DMF. The MOFs synthesized 

by the dissolution of the precipitates in HCl were labelled as rAMD-Fe-MIL-101(Cl), rAMD-

Fe-MIL-101- (Cl)pet, OHoAMD-Fe-MIL-101(Cl) and OHoAMD-Fe-MIL-101(Cl)pet. Samples 

prepared from HNO3 were labelled as rAMD-Fe-MIL-101(NO3), rAMD-Fe-MIL-101(NO3)pet, 

OHoAMD-Fe-MIL-101(NO3) and OHoAMD-Fe-MIL-101(NO3)pet.  

Characterization 

Prior to Fe extraction, the AMD wastewater was analysed for pH and metal content as well 

as after the extraction of Fe. Elemental analysis was done using an ICP-OES Perkun Elmer, 

optima 2100 DV. X-ray diffraction (XRD) diffractograms were generated using a PANalytical 

X'Pert Pro powder diffractometer instrument consisting of a Pixcel detector. This instrument 

uses a Ni-filtered Cu-α radiation (0.154 nm) and was operated at 25 °C with a scanning rate 

set to 0.1°s-1 at 2θ angles between 3-90°. IR spectra of synthesized MOFs were obtained 

from the PerkinElmer Spectrum 100 Fourier transform infrared (FTIR) spectrometer. The 

scanning range was set at 4000 to 650 cm−1 and the resolution of 16 cm-1, background was 

run prior to analysis. To determine the morphology of the MOFs, samples were first 

prepared for analysis by placing very tiny amounts on the carbon tape and then coating with 

carbon under vacuum. Analysis was then conducted on the Auriga Cobra Focused-Ion Beam 

Scanning Electron Microscope (FIB-SEM) instrument. Thermogravimetric analysis (TGA) of 

Fe-MIL-88B MOFs was determined using the Mettler, Toledo, TGA/SDTA 851e instrument. 

10 mg of the MOF sample was weighed into a pan and steadily heated to 1000 °C at a rate 

of 10 °C min-1. Any mass changes were monitored and a TGA profile generated. BET surface 

area and pore volume as well as Hydrogen (H2) adsorption measurements were carried out 

on the ASAP 2020 HD analyzer (Micromeritics) instrument. Ultra-high purity grade 



50 
 

(99.999%) N2 and H2 gases were used to generate adsorption isotherms at 77 K and up to 1 

bar. BET surface areas and pore volumes were obtained in the linear region of the N2 

isotherms. Prior to analysis, 0.2-0.3 g of samples were weighed into the analysis tube and 

then degassed under vacuum (at a pressure of 10-7 bar) with heating at 150 °C overnight. 

XPS analysis was conducted using a Thermo ESCAlab 250Xi Spectrometer with X-rays of 

monochromatic Al kα (1486.7 eV) to generate survey spectra at 100 eV. The instrument had 

an X-ray power of 300 W, a spot size of 900 μm, and resolution at 20 eV at a pressure of 10-8 

mbar. 

Results and discussions 

Elemental comparison of AMD 

Fe, Al, Mn, Si, Ca and Mg were the typical elements found to be present in raw AMD with 

trace amounts of Zn, B, K, and Ce picked up by the instrument. Total Fe content was found 

to be 1251 mg/L with trace amounts for Na in the raw AMD sample. After the extraction of 

Fe with the use of an oxidant, Fe concentration decreased to 26 mg/L and Na content 

increased to 1784 mg/L. In the absence of H2O2, Fe concentration was measured to be 27 

mg/L and that of Na at 1783 mg/L. This proves a recovery rate of ~98% was achieved 

whether the oxidant is used or not and is in accordance with the results obtained by Wei et. 

al (2005) and Menezes et al.218-219 The increase in Na concentration is due to the NaOH 

added to the system for Fe precipitation. The Si content is also found to have decreased 

from 76 to 25 and 26 mg/L in the presence and absence of the oxidant, respectively. Fe3+ 

hydroxides precipitate at pH ~3.5 and the rest of the metals did not show any change in 

concentration. 

Elemental composition of AMD-Fe precipitates 

The XPS technique was used to confirm the elemental composition, chemical and electronic 

state of the atoms present in the AMD-Fe precipitates. XPS analysis was not done for 

OHAMD-Fe since this precipitate exhibited similar behaviour as with OHoAMD-Fe and the 

oxidant was found to have insignificant effect on the Fe precipitated from the AMD as 

confirmed by ICP-OES, XRD and FTIR techniques. The XPS survey and Fe2p spectra for rAMD-

Fe and OHoAMD-Fe are shown in Fig. 1. The XPS survey confirmed the predominant presence 

of Fe and O compounds with trace amounts of C and S compounds (see Equations 2.2.2 and 
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2.2.3 in page 29).  rAMD-Fe also showed a presence of trace amounts for N compounds (Fig. 

1b). The O1s spectrum for both precipitates (Fig. S3a and b) consisted of three (3) peaks at 

533.7, 531.8 and 530.3 eV which were assigned to the carbonyl bond (C=O), 

hydroxide/sulphate and/or (C-O) and Fe(OH)O, respectively. The predominant peak at 530.3 

eV in the Gaussian curve is attributed to the lattice oxygen confirming the presence of α-

Fe2O3 as the XRD data had suggested. The peak at 531.8 is for SO4
2- precipitated out as 

FeSO4 and OH- groups further confirming the deduction made about the materials being of 

hydroxides. The highest binding energy most likely originates from the hydroxyl groups 

adsorbed water molecules.220  

The Fe2p spectra (see Fig. 1c and d) suggest that Fe species are present as two species, 

FeSO4 and FeO(OH). Typical Fe2p3/2 and Fe2p1/2 peaks were observed at 712 and 25.8 eV, 

respectively, for both AMD-Fe precipitates. The Gaussian curve fitting revealed the 

appearance of a satellite peak centred at 720.2 eV which was exactly eight (8) units above 

the original Fe2p3/2 peak with no overlapping with neither Fe2p3/2 or Fe2p1/2. The presence 

of this satellite peak and Fe2p1/2 indicates the Fe3+ state of δ-FeOOH structure which is in 

correlation with the results from O1s spectrum and the XRD.221-223 The presence of a 

satellite peak before the Fe 2p1/2 peak at 735 eV is an indication of Fe2+ being present within 

the precipitates as FeSO4, however, the low intensity of the peak indicates very small 

quantities of this species. 

The presence of sulphur (S) was also noted by the presence of a peak at 168.7 eV on both 

materials, as it can be observed in their respective S2p spectra (see supplemental data). The 

sulphur is present as both the sulfone (R2SO2 where R is the carbon atom) and sulphate 

species (SO4
2-). Sulfate species are produced during the oxidation of metal sulfides (FeS2) to 

form FeSO4 as already revealed by the Fe 2p spectra. The sulfones are produced during the 

organic oxidation of sulfides and most likely precipitated out during the precipitation of 

Fe.224 The presence of carbon species further confirms the presence of sulfone species 

which also correlates to the O1s spectrum peak for the carbonyl and C-O group. Four C1s 

peaks for C-C, C=C, C=O and O-C=O bonds were observed at 284.4, 282.9, 287.6 and 289.2 

eV binding energy (see supplemental data). The presence of an O-C=O group suggests that 

the organic species that was present in the AMD was an ester molecule.  
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rAMD-Fe showed trace amounts of nitrogen molecules as impurities in the material (see 

supplemental data). The characteristic peak for cyanides and/or organic nitrogen 

compounds is observed at a binding energy of 400.1 eV. The lack of a peak at its specific 

binding energy shows that there is no Al species present as an impurity from the 

precipitation of AMD-Fe through both methods meaning that selective precipitation of Fe 

was achieved at pH 3.5.161  

 

Structural analysis for Fe precipitates and BDC 

XRD pattern for rAMD-Fe, OHoAMD-Fe and OHAMD-Fe are presented in Figure 2a. rAMD-Fe 

displays a typical ferric oxyhydroxide (FeOOH) diffractogram with a mixture of α- and β-

phases observed in their characteristic positions (see Fig. 2a). From the XRD patterns, it can 

be concluded that β-FeOOH is predominant in rAMD-Fe, this is confirmed by the appearance 

of peaks at 2 values of 8, 34(400), 35 (211) and 54 (600) which are characteristic for β-

Figure 1: XPS spectra for AMD-Fe precipitates where a) and b) are survey spectra; c) and d) 

are Fe2p spectra for rAMD-Fe and OHoAMD-Fe, respectively. 
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FeOOH. The 2 value at 23(012) corresponds to the α-FeOOH phase which is assigned to 

the quartz (SiO2) indicating that Si precipitated out during natural precipitation of Fe 

species, this corresponds to the decrease in Si content as indicated by the ICP-OES results. 

  

XRD patterns for OHoAMD-Fe and OHAMD-Fe were found to be almost similar, β-phases are 

observed at 2 values of 8 and 35 whilst a broad peak at 15 is assigned to the γ phase. 

The broadness of the peaks is an indication of an amorphous material formed when NaOH is 

used to precipitate out Fe. NaOH treated AMD was rich in Fe species, hematite (Fe2O3) and 

magnetite (Fe3O4), the presence of the latter is represented by the peak at 35 and may be 

attributed to co-precipitation of Fe(II) and Fe(III) during neutralization.176 This is in 

agreement with the results obtained from the ICP-OES which saw no difference in the Fe 

concentrations between the AMD samples in which an oxidant was used and the one where 

no oxidant was used. All iron precipitates from the AMD show a mixture of the hematite, 

magnetite and iron hydroxide peaks. Though rAMD-Fe shows a pattern typical for an iron 

oxyhydroxide, OHoAMD-Fe and OHoAMD-Fe XRD patterns are similar to those previously 

reported in literature for iron hydroxide nanoparticles.186 Crystallite sizes were calculated to 

be 4.16 and 6.77 nm, respectively. 
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Figure 2: a) XRD pattern and b) FTIR spectra for AMD-Fe precipitates. 
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As shown in Figure 2b, the recovered precipitates consisted of an OH vibration peak 

represented by a broad peak at ~3140 cm-1 and H2O molecules stretching mode at 1635 cm-

1. rAMD-Fe and OHoAMD-Fe have peaks at 1113 cm-1 and 1064, respectively, that are 

representative of the S-O or S = O bond (refer to equation 2.2.1 and 2.2.2 in page 29). 

OHAMD-Fe however, has a split peak where one is at 1108 cm-1 for the S-O or S=O bond and 

the one at 1037 cm-1 is for the Fe-O-OH stretching vibration mode thus confirming that the 

materials is indeed an Fe-hydroxide. 

 

rAMD displays two peaks at 885 and 793 cm-1 which are both assigned to the Fe-O 

stretching mode whilst for OHoAMD-Fe and OHAMD-Fe this stretch mode appear at 697 and 

701 cm-1, respectively. The shoulder peaks at 980 and 986 cm-1 are assigned to the hematite 

Fe-O stretch mode and OHoAMD-Fe has a peak at 895 cm-1 identified as the Fe-O stretching 

mode due to the presence of magnetite. The XRD pattern for the PET-BDC was identical to 

that of the commercial BDC (Fig. 3a), similar to those that have been previously reported in 

literature. The major characteristic peaks were observed at 17.3°, 25.09°, 27.8°, 29.6° and 

39.49°.159, 225 

Fig. 3b shows the FTIR spectras for commercial BDC and PET-BDC with major characteristic 

peaks observed for C=O stretch, COO- stretch and O-H bending. The peak at 929 cm-1 

assigned to -H bending is specifically due to the presence of the terephthalic acid dimmer 

via hydrogen bonds.226 The carboxylic group (C=O) was identified by the absorption peaks at 

3000-2541 cm-1 and the COO- stretch peaks at 1678, 1422 and 1285 cm-1. The presence of 

Figure 3: a) XRD pattern and b) FTIR spectra for commercial and PET derived BDC. 
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the benzene ring is confirmed by the presence of the C-H vibration mode represented by 

the peak at 727 cm-1, which strongly supports the presence of the terephthalic acid 

monomer with the purity level similar to that of the commercial grade BDC.227-228 

Fig. 4a and c are the XRD patterns for Fe-MIL-101 synthesized from chloride and nitrate 

precursors, respectively. XRD patterns for most synthesized Fe-MIL-101 MOFs exhibited 

characteristic Fe-MIL-101 peaks at 2 values of 5.1, 5.85, 8.39, 9.04, 9.42 and 10.3. Further 

peaks were observed at 12.58, 16.47, 17.89, 18.86, 19.34 and 22° representative of 

trinuclear-transition metal based MOFs. The patterns of the prepared Fe-MIL-101 display 

fairly high intensities with very small areas under the peaks, indicating high crystallinity of 

the sample, which is in a good agreement with what was previously reported confirming 

that Fe-MIL-101 materials were indeed successfully synthesized.193 OHoAMD-Fe-MIL-101(Cl) 

and rAMD-Fe-MIL-101(NO3) display very poor diffraction peaks possibly due to structural 

defects and small crystallite sizes. The slight shift in the XRD pattern for OHoAMD-Fe-MIL-

101(Cl)pet to higher diffraction angles is most likely due to change in the lattice structure of 

the material. 

Figure 4b and d present FTIR spectra for Fe-MIL-101 samples prepared from chloride and 

nitrate precursors. All samples are similar in the structural vibrations, which is expected 

since they are all made up of trivalent metal centres and carboxylate linkers.115 The 

carboxylate characteristic absorption peaks of C=O symmetric and asymmetric vibration 

bands are observed at 1396 and 1595 cm-1, C-O stretching bands is at 1685 cm-1 indicating a 

successful coordination of the carboxylate ligand to the metal centre. The peak at 1020 and 

750 cm−1 is attributed to the C-O-Fe stretching mode and C-H bending vibrations, 

respectively. This then further supports that BDC is indeed attached to the metal centre and 

the C-H vibrations mainly are due to the carboxylate group vibrations, similar to those 

reported in literature.123-124, 229-230 Fe-MIL-101(NO3) and Fe-MIL-101(NO3)pet spectra (Fig. 3d) 

do not exhibit the shoulder peak at 604 cm-1 attributed to the stretching bend for Fe-O 

meaning that there is no connection through the 3-oxo atom as it would be expected for 

the octahedral.231-232  
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Morphological analysis of prepared MOFs 

Fig. 5 presents SEM images for Fe-MIL-101 prepared from chloride (a and b) and nitrate (c 

and d) precursors. Samples prepared from the chloride precursors display an octahedral 

morphology except for OHoAMD-Fe-MIL-101(Cl) (see supplemental data) which shows a 

bipyramidal hexagonal morphology and broken Fe-MIL-88B structures. This is due to a slow 

reaction within the reaction vessel caused by the HCl released in the system thus resulting in 

slow crystal growth and the formation of a thermodynamic phase, since MIL-101 and MIL-

88B are topological framework isomers.233 rAMD-Fe-MIL-101(Cl) and rAMD-Fe-MIL-

101(Cl)pet were made up of mixed morphologies of Fe-MIL-101 and Fe-MIL-88B particles 

Figure 4: Showing XRD pattern and FTIR spectra for Fe-MIL-101 samples prepared using (a 

and b) Chloride (c and d) Nitrate precursors. 
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(see Figure S5 and 6 in the supplemental data). The reaction synthesis for Fe-MIL-101 has 

been said to be a more sensitive reaction and any slight variations in any of the synthesis 

parameters can easily result in the formation of another MOF type.234 Fe-MIL-53, Fe-MIL-

101 and Fe-MIL-88B frameworks generally form as competing phases under certain reaction 

conditions.235  

Fe-MIL-88B is the default structure that may be expected for connecting trigonal prisms and 

is the thermodynamic isomer, whereas Fe-MIL-101 is a kinetic isomer thus is likely to form 

where thermodynamic conditions are not favourable. 

 

The commercial grade nitrate salt produced poorly crystalline solids of unknown phase (see 

supplemental data), this was expected as it had been reported in literature that for the 

synthesis of Fe-MIL-101 from the nitrate salt, the presence of a halogen is required 

otherwise a gel is formed. However, when rAMD-Fe and OHoAMD-Fe were used in 

Figure 5: SEM images for Fe-MIL-101 MOFs where a) Fe-MIL-101(Cl)pet b) OHoAMD-Fe-MIL-

101(Cl) c) OHoAMD-Fe-MIL-101(NO3)pet d) rAMD-Fe-MIL-101(NO3)pet. 
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replacement of the commercial grade Fe-nitrate salt (Fig. 5b-d), uniformly dispersed 

octahedral particles were obtained.  

Thermal stability studies of obtained MOFs 

In order to investigate the stability of synthesized Fe-MIL-101(Fe) MOFs, the thermal 

stability was assessed by thermogravimetric analysis (TGA). Figure 6a and b shows the TGA 

plots of the Fe-MIL-101 samples prepared from chloride and nitrate precursors, 

respectively. The analysis was carried out under N2 atmosphere; a two-step weight loss was 

observed which is typical of the Fe-MIL-101 structures. The first weight loss within the 

region of ~30-200 C shows about an 8% weight loss, which is due to the gradual loss of 

water molecule enclosed within the pores and bonded to the iron atoms as well as guest 

solvent molecules from the pores of Fe-MIL-101. The second weight loss in the region of 300 

to 580 °C is ascribed to the breaking down of the Fe-MIL-101 and the decomposition of the 

carboxylate ligand.133, 236  

All Fe-MOF samples exhibit good thermal stability and their structures are maintained up to 

300 C thereafter only metallic Fe is left as it cannot be further broken down. rAMD-Fe-MIL-

101(Cl) and rAMD-Fe-MIL-101(Cl)pet display the highest thermal stabilities with lowest 

weight losses whilst Fe-MIL-101(Cl) and Fe-MIL-101(Cl)pet have the lowest thermal stabilities 

and the highest weight losses. This indicates that AMD derived Fe when dissolved in HCl 

yields high thermal stability MOFs compared to commercial Fe source, this may be due to 

the presence of both Fe2+ and Fe3+ whereas the latter consists of Fe3+. OHoAMD-Fe-MIL-

101(Cl) and rAMD-Fe-MIL-101(Cl)pet display a three-step degradation and high thermal 

stabilities, commonly observed with Fe-MIL-88B (see Fig. 6a).  
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This suggests that both these MOFs are not composed of pure Fe-MIL-101 phases and may 

consist of Fe-MIL-88B structures hence the observed deviation from the typical Fe-MIL-101 

thermal properties. This is further confirmed by the SEM images in Figure 5b and d. The 

nitrate samples have weight losses not below 30%, OHoAMD-Fe-MIL-101(NO3)pet and rAMD-

Fe-MIL-101(NO3)pet have the highest losses and lower thermal stabilities compared to the 

rest of the nitrate profiles (397 and 419 °C, respectively).  

 

 

 

Figure 6: TGA profiles for the prepared Fe-MIL-101 samples using a) Chloride and b) Nitrate 

precursors. 
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Physical properties and hydrogen uptake measurements 

Table 1 presents a summary of the BET surface areas and pore volumes obtained for the 

synthesized Fe-MIL-101, the synthesized materials displayed a type I N2 isotherm (see 

supplemental data) that showed a hysteresis loop indicating presence of mesopores within 

the structure. This was further confirmed by the pore size distribution graphs (see 

supplemental data) which displayed the pores distribution within the micro- and 

mesoporous range (2-50 nm). Fe-MIL-101(Cl) and Fe-MIL-101 (Cl)pet had BET surface areas of 

2052 and 501 m2/g with pore volumes of 1.0 and 0.1904 cm3/g.  The huge difference in SA 

may be owed to the introduction of dye impurities into the MOF structure as well as BDC 

that could not be washed away, may have been deposited into the MOFs pores thus 

hindering the access of the N2 gas during measurements.  

 

Table 1: Summary table for BET surface areas and pore volumes obtained for MIL-101 

samples. 

MOF sample BET surface area (m2/g) Pore volume (cm3/g) 

1. Fe-MIL-101(Cl) 2052 1.0013 

2. Fe-MIL-101(Cl)pet 501 0.1904 

3. OHoAMD-Fe-MIL-101(Cl)pet 52.5 0.0623 

4. OHo-AMD-Fe-MIL-101(NO3) 1104 0.6304 

5. OHoAMD-Fe-MIL-101(NO3)pet 565 0.3292 

6. rAMD-Fe-MIL-101(NO3) 701 0.4581 

7. rAMD-Fe-MIL-101(NO3)pet 1179 0.7229 

 

Surface areas for rAMD-Fe-MIL-101(NO3), rAMD-Fe-MIL-101(NO3)pet, OHoAMD-Fe-MIL-

101(NO3) and OHoAMD-Fe-MIL-101(NO3)pet were obtained as 701, 1179, 1104 and 565 m2/g, 

respectively. BET surface areas obtained for the Fe-MIL-101 materials were much lower 

than what has been reported in literature (<3500 m2/g)237, this may be attributed to poor 

solvent exchange which ultimately led to poor activation of the MOFs. Solvent exchange in 
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the pores of the MOFs was carried out using ethanol at 60 C for 3 hrs twice, though longer 

exchange times have been reported.238 When commercial grade Fe source was replaced 

with rAMD-Fe and OHoAMD-Fe dissolved in HCl, lower surface areas were expected due to 

the presence of Fe-MIL-88B particle (see supplementary data). SA measurements for rAMD-

Fe-MIL-101(Cl), MIL-101-rAMD-Fe(Cl)pet, and OHoAMD-Fe-MIL-101(Cl) were not carried out 

due to poor XRD and SEM images indicating poor crystallinity and had mixed morphologies 

thus would not give conclusive results. Measurements for OHoAMD-Fe-MIL-101(Cl)pet, 

OHoAMD-Fe-MIL-101(Cl)pet and OHoAMD-Fe-MIL-101(NO3)pet are reported in the supplemental 

data. 

H2 uptake analysis was conducted at a cryo-temperature (77K) to assess the adsorption 

properties of one of the Fe-MIL-101 synthesised materials. rAMD-Fe-MIL-101(NO3)pet was 

selected since it had a superior surface area compared to all the other waste-derived Fe-

based MIL-101 MOFs. Figure 7 presents the H2 adsorption isotherm, the hydrogen uptake 

was fully reversible showing a typical IUPAC type I isotherm. The highest H2 uptake value of 

1.18 wt% at 1 bar and 77 K was obtained for this material. This is a relatively low value 

compared to those reported in literature for MOFs however, it is expected owing to the 

relatively low surface area obtained for this material. Latroche et al. reported MIL-101 

surface areas of approximately 6000 m2/g with the highest H2 uptake of 6.1 wt%, which is 

comparable to the obtained value for this MOF considering that the surface area is ~3x 

less.239 
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Porous materials with large pores usually have low hydrogen sorption capacity at low 

pressures since H2 molecules in the centre of the void experience weak Van de Waal forces 

from pore walls.240 It has been reported that MOFs with very high surface areas usually have 

low framework density therefore a compromise between the surface area and crystal 

density should be considered when pursuing porous MOFs with both high gravimetric and 

volumetric H2 uptakes.47, 241 Because the MOF H2 uptake did not reach a point of saturation 

up to 1 bar, this means that conducting the analysis at higher pressures could result in 

higher H2 uptakes capacities as more molecules are forced into the pores of the material.242 

Conclusion 

Fe-based MOFs were successfully synthesized from the waste precursors and displayed 

comparable textural and physical properties to the Fe-MOFs prepared from commercial 

grade precursors. This was supported by the XRD and FTIR that suggested the presence of a 

trinuclear metal centre and characteristic vibrations confirming the coordination of BDC to 

the Fe centre. Mixed MIL-101 and MIL-88B morphologies were observed with MOFs 

prepared by the dissolution of rAMD-Fe(Cl) and OHoAMD-Fe(Cl), this resulted in decreased 

surface areas and pore volumes. Fe-MIL-101 prepared from rAMD-Fe(NO3) and OHoAMD-
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Figure 7: Hydrogen adsorption isotherms of rAMD-Fe-MIL-101(NO3)pet. 
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Fe(NO3) displayed well dispersed octahedral morphologies with high degree of crystallinity 

and thermal stability superior to that of MOFs prepared from commercial grade precursors. 

The use of nitrate precursor for the synthesis of MIL-101(Fe) resulted in a material of 

unidentifiable morphology owing to the lack of a mineralizer usually added to aid the 

formation of the Fe-MIL-101 structure.  

Fe-MIL-101 displayed relatively high H2 storage capacities, comparable with the results 

previously reported by Ren et al. (0.99, 1.65 and 1.92 wt%) for Cr-MIL-101 MOFs.148 Because 

of lower surface areas compared to the values reported (2000-6000 m2),243-244 the 

synthesized Fe-MIL-101 experienced lower H2 adsorption. To enhance H2 storage capacity in 

Fe-MIL-101, surface area and pore volume would first need to be optimized by supercritical 

activation as one of the methods. Another way of increasing H2 uptake might be to 

composite Fe-MIL-101 with transition metals to create more active sites for the hydrogen 

molecule to adsorb. 

The study has proved that it is possible to synthesize Fe-MIL-101 by following a holistic 

approach that utilizes two wastes. The study also revealed the limitations and weak points 

in using the waste materials for the synthesis of MOFs. Limitations such as mixed 

morphologies and lack of forming octahedral morphology when nitrate salt is used could be 

investigated in the future and the method could be adjusted to suit the synthesis of Fe-MIL-

101 using these waste materials. Further studies would also elude into maximizing the 

surface area of the MOFs such that they match those of the commercial grade precursors 

for enhanced H2 storage capacities. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https//www. 
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4.2 Chapter summary 

Fe-MIL-101 were successfully synthesized using PET waste derived BDC and AMD derived 

Fe. Results obtained from these MOFs were compared with MOFs prepared from 

commercial precursors thus revealing that waste precursors do not compromise the 

integrity of the resultant MOF. However, the synthesis and activation methods proved 

ineffective as mixed morphologies and decreased surface areas were obtained with MOFs 

from complete waste. The replacement of one precursor with a waste precursor however, 

did not have severe effects on the morphology and textural properties of the MOFs. H2 

adsorption proved viable as a comparable uptake was obtained when the experiment was 

carried out on rAMD-Fe-MIL-101(NO3)pet, a material prepared from complete waste (rAMD-

Fe and PET-BDC) using HNO3 to dissolve the Fe-precipitate.  
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Chapter 5 

5. Results and discussion: Fe-MIL-88B 

5.1 Chapter outline 

In this chapter, results of the AMD, Fe precipitates and Fe-MIL-88B materials are discussed 

in detail. This chapter explicitly discusses elemental composition of AMD water, structural 

properties of PET-derived BDC and Fe precipitates as well as elemental composition of the 

latter. Results for Fe-MIL-88B MOFs from commercial, partial and absolute waste precursors 

are also discussed for textural, structural, morphology and H2 uptake. 

 

The use of complete waste-derived metal and organic ligand precursors for 

the holistic synthesis of MIL-88B(Fe) via the solvothermal route 
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Abstract 

The high cost associated with the synthesis processes of metal-organic frameworks has 

hindered their industrialization regardless of their potential use in a wide range of 

applications. The use of lower-grade materials as starting compounds for the production of 

MOF introduces a cost-effective and greener method that could allow for larger scale 

production of these porous materials. In this work, the synthesis of Fe-MIL-88B using AMD 

wastewater as the source for the Iron (Fe) metal as well as BDC derived from waste PET was 

achieved. Two extraction methods are explored thus yielding Fe of different phases/species. 

The synthesis procedure follows a widely reported solvothermal route and the waste-

derived MOFs are compared to MOFs synthesized from commercial precursors. Waste 
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derived MOFs displayed similar morphologies, crystal phases as well as vibrations and 

stretching bands when compared to those prepared from commercial precursors. All MOFs 

showed a type I N2 isotherm however, waste-derived MOFs had enhanced surface areas 

compared to MOFs prepared from commercial grade precursors that consisted of surface 

areas below 100 m2/g. The pore size distribution were mostly seen in the micro porous 

range with some in the mesoporous range. The use of AMD as a source for Fe yielded MOFs 

with high thermal stabilities above 600 °C, elemental analysis revealed sulphur as an 

impurity in MOFs prepared from NaOH precipitated Fe (OHoAMD-Fe). Hydrogen adsorption 

studies conducted at 77 K and 1 bar showed that waste derived Fe-MIL-88B MOFs were 

good candidates since a value of 0.81 wt% found to be consistent with the previously 

reported data for M-MIL-88B MOFs to date. 

Key words: Metal-organic frameworks, Acid mine drainage, polyethylene terephthalate, 

Benzyl dicarboxylic acid (BDC), Fe-MIL-88B. 

 

Introduction 

The implementation of non-expensive approaches for the synthesis of MOFs has proved to 

be of great focus as it would see the industrial production of MOFs for a wide range of 

applications. The recycling of waste for valuable reuse is one way that researchers have 

opted for that serves as a double impact where the costs associated with MOF synthesis 

production are greatly reduced and harmful substance/materials are removed from the face 

of the earth. MOFs are a fairly new class of porous materials constructed from the 

coordination of metal clusters and organic linkers known for their high surface areas and 

pore volume.245-246 The choice of linker allows for functionalization and tuneability to suit a 

specific application.247-248 Materials Institute Lavoisier (MIL) MOFs are porous metal 

carboxylate salts composed of different trivalent metal cations (such as Cr, Al and Fe) and 

carboxylic acid ligands consisting of large pores and high-permanent porosity. MILs have 

been synthesized from nontoxic endogenous cations (such as Ca, Mg, Fe, and Zn) and 

ligands consisting of naturally occurring derivatives or biomolecules. These usually give rise 

to nontoxic and biologically and environmentally compatible MOFs, suitable for medical 

applications as well as for clean energy and environmental protection. 
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Fe-MOFs such as MIL-53, MIL-88, MIL-100 and MIL-101 are the most common and widely 

explored.249 MIL-88B forms through a heterogeneous nucleation and exhibits a three-

dimensional cage structure (hexagonal symmetry) with an acs topology.107 Apart from being 

recognized as having a non-toxic nature, MIL-88B has a highly flexible framework, 

commonly referred to as the ‘breathing’ effect. The structural flexibility of MIL-88B makes 

them great candidates for use in various applications such as drug delivery as well as gas 

separation and storage. Serre et. al studied the ‘breathing’ effect of MIL-88 structures in 

different solvents which showed that MIL-88 structures are highly selective adsorbents, and 

the selectivity is strongly dependent on the nature of the organic linker.122 Horcajada et. al 

further studied the effect of linker modification to the swelling of the MIL-88B and MIL-88D 

which revealed that the swelling behaviour of these MOFs was drastically affected by steric 

hinderance and the number of groups per aromatic ring thus leading either to permanent 

porosity or amplified swelling behaviour.123 

Recent research has been focused on the use of PET-derived BDC as an organic linker for the 

synthesis of MOFs. The innovative use of recycled waste PET for MOF synthesis has proven 

to have no effect on the integrity and structural properties of the MOFs. Valuable reuse of 

waste PET would contribute to a suitable route for eliminating waste PET landfilling, 

decrease overall consumption of crude oil, and maintain the chemical value of polyester 

while creating a high-value end-use market for PET wastes.166 Five nano porous trivalent 

MOFs were synthesized by Sheng-Han Lo and co-workers (2016) using PET-derived BDC as 

an organic linker instead of commercial terephthalic acid, all the characterization techniques 

strongly supported that the synthesized MOFs using PET are similar to their literature 

reports.168 Similar studies were carried out by W. Deleu (2016) where MIL-53(Al) and MIL-

47(V) were synthesized and J. Ren et. al (2016) studied the synthesis of Cr-based MOF, both 

studies looked at the synthesis of MOFs using PET-derived BDC as an organic linker as 

opposed to the commercial grade. The results were similar to those previously obtained in 

literature from commercial grade precursors and the Cr-MOF displayed superior textural 

and hydrogen storage properties.166, 169 Dyosiba et. al (2019) focused on the use of various 

types of PET wastes as sources of BDC linker for the synthesis of the zirconium-based MOF, 

UiO-66(Zr). As expected, textural properties of the waste PET-derived UiO-66(Zr) MOFs were 

comparable to those of the MOFs derived from commercial BDC however, lower BET surface 
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areas were observed for MOFs synthesized from coloured PET waste bottles owing to the 

presence of organic dyes that then reside in the pores of the MOFs.159 Eléonore Lagae-

Capelle and co-workers (2020) reported the combination of PET-derived BDC with Al 

recovered from Li-ion batteries, a MIL-53 prepared had very similar properties to the 

material formed with high purity chemical compounds.41  

Acid mine drainage serves as a potential alternative for the extraction of metals to be 

utilized in the synthesis of MOFs whilst abating pollution and lessening the expenses 

associated with MOF synthesis. AMD is a resultant of the natural oxidation of mine waste 

typically with low pH and high contents of iron metal and a portion of other metals which 

has adverse effects on the aquatic life and quality of water.38 Many types of treatment to 

contain the damage to the environment are currently used worldwide, however operational 

costs are high and not effective39-40 hence the need for an alternative approach to recover 

the dissolved metals for valuable reuse without further compromising the quality of the 

AMD wastewater. The synthesis of MOFs using the iron metal recycled from the AMD would 

greatly decrease the production costs of MOFs and eliminate mining waste therefore 

allowing for environmental and biological sustainability. According to our knowledge, the 

use of metals extracted from the AMD for MOF synthesis has not yet been reported. In this 

Article, we looked at the synthesis of MIL-88B from AMD-derived Fe using two different 

methods, and then combined with PET-derived BDC as an organic linker. These materials 

were then assessed for textural and physical properties in comparison to MIL-88B prepared 

from the commercial precursors. 

Experimental 

 

Materials and reagents 

Iron (III) chloride hexahydrate (FeCl3∙6H2O), Sigma Aldrich, 97%), Iron (III) nonahydrate 

(Fe(NO3)3∙9H2O, Sigma Aldrich, 98%), Terephthalic acid (1,4-BDC, Sigma Aldrich, 98%), 

ethylene glycol (HOCH2-CH2OH, Sigma Aldrich, 99.8%), N,N-dimethylformamide (DMF, Sigma 

Aldrich, 99.8%), hydrogen peroxide (H2O2, 50%), Sodium hydroxide (NaOH pellets, Sigma 

Aldrich), Glacial acetic acid (CH3COOH, Sigma Aldrich, 60%), Ethanol (CH3CH2OH) and de-

ionized water with no further purification. AMD water was collected in mines around the 
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Gauteng and PET coloured waste bottles were collected in household waste areas in the 

Gauteng region as well. 

PET depolymerization 

PET depolymerization was carried out using a procedure previously reported by Dyosiba et 

al. and J. Ren et al.159, 166 The experiment was carried out in a 5000 ml Teflon-lined high-

pressure reactor, in which 125 g of PET flakes were added along with 125 ml of ethylene 

glycol (EG) and 3000 ml of H2O. The mixture was then gradually heated to 210 °C and 

maintained for 8 h. One completion, the final product was centrifuged, washed twice with 

ethanol, and dried at 100 °C for 24 hours. The PET-derived BDC was further used as a 

precursor in the synthesis of Fe-MOFs. 

 

Fe extraction from AMD 

Fe was precipitated by leaving AMD in open air at room temperature resulting in the 

oxidation of Fe2+ to Fe3+. The resultant precipitate was then filtered under vacuum, washed 

thoroughly with deionized water, and then dried under vacuum and dried overnight at a 

temperature of 100 C.190-191 The resultant product was grounded to fine powder and 

labelled rAMD-Fe which was then used for the synthesis of MOFs. On the second method, 

Fe was precipitated out by first oxidizing with 30 % H2O2 and then 4M NaOH added, as 

outlined by Seo et al.185 The resultant precipitate was treated as in the first method and 

labelled OHAMD-Fe.219 

 

Fe-MIL-88B synthesis 

Fe-MIL-88B MOFs were synthesized using a procedure previously reported by Xu et al., 

(2016). In a typical procedure, 9.06 mmol of the metal source (FeCl3·6H2O or 

Fe(NO3)3∙9H2O), 9.06 mmol of the organic linker (H2BDC or PET-BDC), 0.30 g of NaOH and 

4.47 mL of CH3COOH were all dissolved in 50 ml DMF. The mixture was heated at 110 o C for 

20 h using a teflon-lined stainless-steel bomb in a static oven. The resultant brown-red 

precipitate was separated from the solvent via centrifugation followed by washing with 

DMF and hot ethanol (3 h) twice.193 The product was finally dried at 80 o C under vacuum 
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overnight. MOFs prepared from commercial Fe and commercial grade BDC were labelled as 

Fe-MIL-88B(Cl) and Fe-MIL88B(NO3) whereas those prepared from PET-derived BDC were 

labelled Fe-MIL-88B(Cl)pet and MIL-88B(NO3)pet. 

The synthesis of Fe-MIL-88B from rAMD-Fe and OHoAMD-Fe followed a similar procedure as 

with the commercial Fe sources. However, 9.06 mmol of rAMD-Fe or OHAMD-Fe was 

dissolved in in a stoichiometric amount of HCl or HNO3 with heating at low temperatures 

(~60 °C) prior to mixing with a solution of terephthalic acid dissolved in DMF. The MOFs 

synthesized by the dissolution of the precipitates in HCl were labelled as rAMD-Fe-MIL-

88B(Cl), rAMD-Fe-MIL-88B(Cl)pet, OHoAMD-Fe-MIL-88B(Cl) and OHoAMD-Fe-MIL-88B- (Cl)pet. 

Samples prepared from precipitates digested in HNO3 were labelled as rAMD-Fe-MIL-

88B(NO3), rAMD-Fe-MIL-101(NO3)pet, OHoAMD-Fe-MIL-88B(NO3) and OHoAMD-Fe-MIL-

88B(NO3)pet.  

 

Characterization 

Raw AMD samples as well those samples derived from AMD after the extraction of Fe were 

measured for pH prior to the extraction of Fe at pH 3.5, the pH meter was first calibrated at 

pH 4 and 7 using standard solutions. To determine elemental content in the AMD samples, 

ICP-OES analysis was conducted using a PerkinElmer, optima 2100 DV instrument. 

Thermogravimetric analysis (TGA) was used to determine thermal stabilities of the Fe-MIL-

88B using a Mettler, Toledo, TGA/SDTA 851e instrument. The analysis procedure involved 

weighing of the Fe-MIL-88B sample (10 mg) into a pan and then gradually heating to a 

temperature of 1000 °C (10 °C min-1) under air flow at 10 mL/min. PerkinElmer Spectrum 

100 Fourier transform infrared (FTIR) spectrometer, set to a range of 4000 to 550 cm−1 

wavenumbers, 32 scans and a resolution of 16 cm-1, was used to generate IR spectra of the 

materials. Prior to measurements, background was scanned to eliminate any noise or 

interferences. Measurements for BET surface areas and pore volumes of Fe-MIL-88B MOFs 

were carried out on the ASAP 2020 HD analyzer (Micromeritics) using N2 as the adsorption 

gas at 77K. N2 isotherms were obtained and then used to determine the BET surface areas. 

H2 adsorption capacities were also measured on the same instrument at 77K and 1 bar. 

Samples (0.2-0.3 g) were first heated to 200 °C under vacuum for the removal of trapped 
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solvent molecules within the pores of the materials prior to analysis. isotherms were 

obtained using ultra-high purity grade (99.999%) gas. A PANalytical X'Pert Pro powder 

diffractometer operating on a Pixcel detector with a Ni-filtered Cu-Ka radiation (0.154 nm) 

was operated at ambient conditions to obtain X-ray diffraction (XRD) patterns at 2θ=3-90°, 

and a scanning rate of 0.1°s-1. SEM images were obtained with an Auriga Cobra Focused-Ion 

Beam Scanning Electron Microscope (FIB-SEM). Sample preparation entailed mounting 

samples on a carbon tape and then coated with carbon under vacuum to ensure no 

electrostatic charging scanning of the beam. A Thermo ESCAlab 250Xi Spectrometer with X-

rays of monochromatic Al kα (1486.7 eV) was used to conduct high resolution X-ray 

photoelectron spectroscopy (XPS) analysis. The X-ray power was set at 300 W with a spot 

size of 900 μm to obtain survey spectra which were then examined at 100 eV, high 

resolution of 20 eV and pressure at 10-8 mbar.   

 

Results and discussions 

 

Elemental composition of AMD 

ICP-OES revealed that the elements present in the raw AMD samples (as shown in table 1) 

samples were mainly iron (Fe), aluminum (Al), manganese (Mn), magnesium (Mg), calcium 

(Ca), silicon (Si) and sodium (Na). Raw AMD consisted of a high Fe content of 1251 mg/L 

with an initial pH of 1.92. Raising the pH to 3.5 ± 0.1 with and without the use of an oxidant, 

dissolved Fe was found to be 26 and 27 mg/L, respectively. A recovery of ~98% was 

achieved for both samples (with and without the oxidant), similar results to those reported 

by Wei et. al (2005) when a selective precipitation method was used for the recovery of Al 

and Fe.218 At pH 3.5, the concentration of sodium increased significantly to concentrations 

of 1784 and 1783 mg/L with and without the use of an oxidant, respectively. This sharp 

increase of Na from a concentration of 29 mg/L is owing to the addition of NaOH solution 

for the precipitation of Fe(OH)3. Contents of Al, Mn, Mg and Ca had negligible changes by 

either a slight decrease or increase which could have been an instrumental error. Si 

however, showed a consisted decrease in concentration on both AMD sample from which 

Fe had been precipitated out (with and without oxidant). The decrease in Si from a 
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concentration of 76 to 25 and 26 mg/L after the extraction of Fe with and without the 

oxidant, respectively, is an indication of Si co-precipitating out with Fe hydroxide. This 

implies that AMD-derived Fe hydroxide is not in the purest state. 

Table 1: Concentration levels in AMD treated differently for the extraction of Fe. 

 

 

Elemental and chemical composition of AMD-Fe precipitates 

XPS survey spectra (Fig. 1a and b) revealed that the materials were mainly constituted by Fe 

and oxygen (O) whilst low amounts of S and C were detected, rAMD-Fe spectra however, 

also showed the presence of trace amounts of nitrogen (N) compounds. XPS spectra (Fig. 2a 

and b) for Fe 2p displayed characteristic peaks of Fe 2p3/2 and Fe 2p1/2 at 712 and 725.8 eV, 

respectively. Spectra for rAMD-Fe and OHo-AMD-Fe revealed the presence of diamagnetic 

and paramagnetic peaks as well as satellite peaks at 720.2 and 71.8 eV, respectively. The 

presence of the satellite peak between the two Fe 2p3 peaks is an indication that the AMD-

Fe precipitates are mainly composed of Fe3+. The satellite peaks at 735 eV on both spectras 

however, are assigned to the electron-deficient Fe2+ sites created by the breaking of Fe-S 

bonds, thus suggesting the presence of FeSO4. This explains why the ICP-OES never picked 

up any S concentrations since most of it had already precipitated out during the 

precipitation of Fe and may further confirm the findings from the XRD and FTIR regarding 

the presence of magnetite.222-223  

The O1s spectra (Fig. 1c and d) showed characteristic peaks for oxygen (O) at 530.5, 532 and 

533.4 eV for OHoAMD-Fe. The O1s spectra for rAMD-Fe had characteristic peaks at 530.3, 

531.8 and 533.7 eV. Peaks with the lowest binding energy in both O1s spectra (530.5 and 

Sample 
description 

elements 

Fe (mg/L) Al Si Mn Mg Ca Na 

Raw AMD 1251 259 76 56 236 314 29 

AMD With 
H2O2 

26 266 25 52 224 318 1784 

AMD 
Without H2O2 

27 275 26 49 237 335 1783 
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530.3 eV) were identified as lattice O attached to the Fe such that Fe-O bond exists. The 

hydroxide (OH), C-O and sulfate (SO4
2-) peaks were identified as peaks appearing at 532 and 

531.8 eV for rAMD-Fe and OHoAMD-Fe, respectively, these peaks had the highest intensity 

and small area under the gaussian curve. Lastly, were the peaks that appears at the highest 

binding energy assigned to carbonyl groups (C=O).  

C1s and S 2p3 spectra are shown in fig. S2a-d, further confirming the presence of organic 

and sulfur-containing compounds as suggested by the Fe2p3 and O1s spectra. C1s spectra 

shows the presence of four types of C-bonding at 282.9, 284.4, 287.6 and 289.2 eV binding 

energies. The peak at the lowest (282.9 eV) and highest (289.2 eV) binding energies 

observed on the OHoAMD-Fe C1s spectra are assigned to the alkane bond (C-C) consisting of 

the highest number of electrons ejected and the ester bond (O-C=O) with the lowest 

number of electrons ejected off the surface of the sample. With rAMD-Fe however, the C-C 

and O-C=O bonds displayed equal peak height meaning the sample consisted of the same 

number of electrons. The C-O and C=O bonds were respectively assigned to the peaks 

appearing at 284.4 and 287.6 eV, for both Fe precipitates. 

The presence of sulphur (S) was confirmed by the existence of a peak at 168 eV for both 

AMD-Fe samples and said to be present in the sulphate (SO4
2-) or sulfone (R2SO2) form. The 

SO4
2- is present as the FeSO4 as suggested by the Fe2p scan, also the presence of the 

sulfone compound also affirms the presence of organic groups as suggested by the C1s and 

O1s spectra. 
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rAMD-Fe also displayed a very small peak at 400.1 eV (see Fig. S2e) that was assigned to 

nitrogen compounds (N) identified as cyanide or organic N. The deconvulsion of these peaks 

revealed that Si was bonded to O thus present as SiO2, S present as FeS2 and Al as Al2O3 

species.161 

Structural analysis for Fe precipitates and BDC 

Fig. 2a depicts the XRD pattern of the iron recovered from AMD, it can be observed that the 

precipitates formed by the use of NaOH (OHAMD-Fe and OHoAMD-Fe) are of relatively low 

crystallinity with broad peaks compared to the one obtained by precipitation in open air 

(rAMD-Fe). This suggests that OHoAMD-Fe and OHAMD-Fe consists of very small crystallite 

particles (4.16 and 6.77 nm) and as a result are amorphous materials.250 rAMD-Fe depicts a 

typical FeOOH diffractogram, consisting of typical α- and β-phases. The sharp peaks and 

small area under the peaks suggesting that these materials are of high crystallinity with 

Figure 1: XPS spectra for AMD-Fe precipitates where a) and b) are broad spectra; c) and d) 

are Fe2p spectra for rAMD-Fe and OHoAMD-Fe, respectively. 
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small crystallite size which was calculated to be 6.97 nm. Peaks that appear at 2 values of 

8, 35(400) and 54 which are characteristic for β-FeOOH, the peak observed at 23 

corresponds to the α-FeOOH phase which is assigned to the quartz (SiO2). The pattern for 

OHoAMD-Fe and OHoAMD-Fe shows that the material consists of haematite (15°), magnetite 

(35°) and Fe-OH (8°).  

Fig. 2b is FTIR spectra for the AMD Fe precipitates, two common peaks across all three 

spectras are observed; the peak at ~3140 cm-1 is assigned to the OH vibration and the other 

at 1635 cm-1 is due to H2O molecules stretching modes. Peaks at 1133 cm-1 and 1064 

observed in rAMD-Fe and OHoAMD-Fe spectras, respectively, are due to the stretching and 

vibration mode of the S-O or S = O bond. OHAMD-Fe shows a split peak where one is at 1108 

cm-1, assigned to the S-O or S=O bond and the one at 1037 cm-1 is assigned to the Fe-O-OH 

stretching vibration mode thus confirming that the material indeed consists of Fe-hydroxide. 

The two peaks observed with rAMD at 885 (magnetite) and 793 cm-1 are both assigned to 

the Fe-O stretching mode whilst for OHoAMD-Fe and OHAMD-Fe this stretch mode appears at 

697 and 701 cm-1, respectively. The shoulder peaks at 980 and 986 cm-1 observed with 

OHoAMD-Fe and OHAMD-Fe are assigned to the hematite Fe-O stretch mode; OHoAMD-Fe also 

has a short peak at 895 cm-1 identified as the Fe-O stretching mode due to the presence of 

magnetite. 

Figure 2: a) XRD and b) FTIR spectra for AMD-Fe precipitates. 
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The XRD pattern for the two BDC is shown in Figure 3a., the two materials are displaying 

similar diffraction pattern at similar diffraction angles which implies that the PET-derived 

BDC is identical to the commercial BDC. The major diffraction peaks are observed at 17.3, 

25.09, 27.8, 29.6 and 39.49° as previously reported in literature. Fig. 3b shows the FTIR 

spectra for commercial BDC and PET-BDC with major characteristic peaks observed at 1678, 

1420 and 922 cm-1 for both materials respectively assigned to C=O, COO- and O-H bending. 

The peak at 922 cm-1 is specifically due to the presence of the TPA dimmer via hydrogen 

bonds and the broad band around 2800 cm−1 is attributed to the presence of water 

molecules in the microwires.226 No difference is observed between the two BDC spectra and 

are similar to the results previously reported.165, 167, 251  

The powder X-ray diffraction (PXRD) patterns of Fe-MIL-88B synthesized from chloride and 

nitrate precursors are shown in Fig. 4a. and 4b., respectively. Fe-MIL- 88B exhibited three 

characteristic diffraction peaks at 9.12°, 10.73°, 11.48°, 17.2, 18.3 and 20.7 representing 

the 002, 100, 101, 103, 202 and 211 crystal facets, respectively.  The PXRD patterns 

displayed a group of prominent diffraction peaks confirming the crystalline nature of the 

prepared Fe-MIL-88B samples and that the crystallinity is not affected by replacing 

commercial grade precursors with waste derived precursors. 

 

To identify functional groups present in Fe-MIL-88B samples, FTIR technique was applied. 

Figure 4c. and 4d. depict FTIR spectra for the all the Fe-MIL-88B materials that were 

prepared from the chloride and nitrate precursors, respectively.  For the synthesized Fe-

Figure 3: XRD and b) FTIR spectra for commercial BDC vs PET-derived BDC. 
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MIL-88B samples, the results obtained seemed to be in agreement with what had been 

obtained in literature. The slightly broad peaks at 2969 cm-1 are attributed to the presence 

of the OH groups, the peaks are quite narrow owing to the low Fe/BDC ratio of 1. A 

broadened OH band is a consequence of the increased number of unsaturated metal sites 

and widened pores of which clearly these materials do not possess. The carboxylate C=O 

symmetric and asymmetric vibrations as well as that of C-O stretching are observed at 

~1381 cm-1, 1594 cm-1 and 1649 cm-1. These peaks are consistent with those previously 

reported in literature, they indicate that BDC is coordinated to the metal center and in a 

crystallite state, thus MOF structures were successfully formed.123-124, 252 

Further confirming the coordination of Fe to BDC are the two peaks assigned to C-H bending 

vibration and Fe-O stretching are observed at 741 cm-1 and 604 cm-1, respectively. Lastly, is 

the peak at 1090 cm-1 attributed to the C-O-Fe stretching mode and further confirms the 

attachment of Fe to BDC via the oxygen. The absence of peaks at 1063 nor at 2861 cm−1 

proves that DMF molecules were successfully removed from the pores during the solvent 

exchange with ethanol. A peak characteristic of free BDC trapped in the pores is normally 

observed at 1704 cm−1 in the FTIR spectra and the absence of this peak indicates that all the 

H2BDC was deprotonated during MOF formation or the DMF washing was effective at 

removing the unreacted BDC.253 
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Figure 4: XRD patterns (a and b) and FTIR) spectra (c and d) for Fe-MIL-88B samples. 
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Morphological analysis of prepared MOFs 

 

Fig. 5a-d is the SEM images for MIL-88B prepared from chloride precursors. From the images 

it can be observed that spindle-like morphologies were obtained for all samples with 

uniform dispersibility as previously reported in literature. However, mixed morphologies 

were also observed more specifically with MIL-88B prepared from AMD-Fe precipitates 

whereas commercial Fe sources resulted in the formation of pure Fe-MIL-88B morphology 

even when commercial BDC was replaced with PET-BDC. When HCl is used for the 

dissolution of OHoAMD-Fe (Fig. 5b. and c.), pure Fe-MIL-88B morphology is obtained though 

for OHoAMD-Fe-MIL-88B(Cl) broken Fe-MIL-88B structures were observed. When rAMD-Fe 

(Fig. 5d) is dissolved in HCl, mixed morphologies of Fe-MIL-101 and Fe-MIL-88B were 

obtained. This is because Fe-MIL-53, Fe-MIL-101 and Fe-MIL-88B frameworks are often 

formed as competing phases under certain solvothermal conditions.235  

a) 

c) 

b) 

d) 

1 μm 

Figure 5: SEM images of a) Fe-MIL-88B(Cl) b) OHoAMD-Fe-MIL-88B(Cl) c) OHoAMD-Fe-MIL-88B 

(Cl)pet d) rAMD-Fe-MIL-88B (Cl)pet materials prepared from the chloride precursors. 

1 μm 
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A spindle-like morphology is still observed for all materials from nitrate precursors as shown 

in Fig. 6a-d. MOFs prepared from AMD-Fe precipitates however, no longer had a Fe-MIL-88B 

pure phase whether commercial or PET-derived BDC is used as it is observed in Fig. 6b-d. 

The deposits do not have a specific morphology and were unfamiliar, it could be concluded 

that they are undigested contaminants from the AMD-derived Fe, since HNO3 is a weak acid 

and the dissolution of the Fe materials was not complete as observed with HCl. The Fe 

concentration during the synthesis of Fe-MIL-88B also plays a major role as there is a 

concentration threshold that favours the formation of either the Fe-MIL-101 or Fe-MIL-88B 

phase. High concentrations of Fe yield more of Fe-MIL-101 crystallites whereas at lower Fe 

concentrations, Fe-MIL-88B  crystallites are observed.235 NaOH was added as a base which 

was used to scavenge protons liberated from the terephthalic acid upon MOF formation.233, 

254-255 Large crystals were observed for Fe-MIL-88B samples prepared from AMD-Fe 

precipitates which may have been a result of slow crystal growth within the system due to 

high volumes of acid, the modulator and acid used for the dissolution of Fe precipitates. The 

Figure 6: SEM images of a) MIL-88B(NO3)pet b) MIL-88B-OHoAMD-Fe(NO3) c) MIL-88B-rAMD-

Fe(NO3) d) MIL-88B-rAMD-Fe(NO3)pet materials prepared from the nitrate precursors. 

a) b) 

c) d) 

1 µm 1 µm 

1 µm 1 µm 
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observed large crystals agree with the calculated average crystal sizes from the XRD results 

(Fig. 2a). 

 Thermal stability studies of obtained MOFs 

 

Figure 7a and b display TGA profiles obtained for all the MIL-88B samples prepared, they are 

in correlation with what has been obtained and reported in literature for a typical Fe-MIL-

88B MOF. The TGA profiles display a three-step loss typical of the Fe-MIL-88B MOF, where 

the first loss around 25-136 C is the loss of water and solvent molecules trapped within the 

Figure 7: TGA profiles for MIL-88B samples prepared from a) Chloride and b) Nitrate 

precursors. 
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pores of the material. The second loss at ~460 C is due to the decomposition of BDC, 

complete decomposition is observed at temperatures around 600-700 C where CO2 is 

released as a consequence of carboxylate decomposition. Total decomposition of the 

organic structure is observed at temperature around 460-700 °C for Fe-MIL-88B prepared 

using AMD derived Fe compared to those from commercial precursors decomposing 

between 460-600 C, thus Fe-MIL-88B from AMD derived Fe have much higher stabilities.  

An overlap is observed for all the Fe-MIL-88 suggesting identical thermal stabilities were 

maintained through the MOFs.117, 222 in Fig. 3a, Fe-MIL-88B(Cl)pet depicts the highest weight 

loss of 74.2% whilst rAMD-Fe-MIL-88B(Cl)pet has the lowest weight loss of 61.6%. However, 

the difference in weight losses is negligible amongst the commercial grade and MOFs 

derived from waste as none of the materials exhibited weight losses of above 75%. Fe-MIL-

88B from the nitrate commercial salt exhibited high thermal stabilities with the lowest 

weight losses when compared to those prepared from chloride commercial precursors. Fe-

MIL-88B(NO3) and Fe-MIL-88B(NO3)pet were of lowest thermal stabilities compared to 

materials prepared for rAMD-Fe and OHoAMD-Fe in HNO3. The mass left after total 

decomposition of all the materials is assumed to be that of Fe2O3 which had been identified 

to be present from the XRD measurements.233 

 

Physical properties and hydrogen uptake measurements 

Table 2: Showing surface areas and pore volumes of prepared Fe-MIL-88B materials. 

Sample Surface area (m2/g) Pore volume (cm3/g) 

Fe-MIL-88B(Cl) 21.42 0.0791 

Fe-MIL-88B(Cl)pet 42.49 0.1428 

OHoAMD-Fe-MIL-88B(Cl) 414.07 0.2244 

rAMD-Fe-MIL-88B(Cl) 474.22 0.3366 

Fe-MIL-88B(NO3) 272.39 0.2534 

Fe-MIL-88B(NO3)pet 159.43 0.1154 

OHoAMD-Fe-MIL-88B(NO3) 60.21 0.0654 

rAMD-Fe-MIL-88B(NO3) 1294.99 0.7614 

 

g) 
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Figure S7 (see supplementary data) depicts the N2 adsorption–desorption Isotherms 

obtained for the prepared Fe-MIL-88B. rAMD-Fe-MIL-88B(NO3) MOF had the highest surface 

area (1294 m2/g) and displayed type I isotherms indicating that the material is micro-porous 

in nature. To further support this, high N2 sorption capacities which occurred at low relative 

pressures are typically observed in the presence of micro-pores thus indicating the presence 

of micro-pores in the pore structure of the synthesized Fe-MIL-88B sample. MOFs 

synthesized with BDC derived from PET waste bottles (Fe-MIL-88B(Cl)pet and Fe-MIL-

88B(NO3)pet) measured low BET surface areas (42.49 and 159.43, respectively) compared to 

those obtained with OHoAMD-Fe-MIL-88B(Cl) and rAMD-Fe-MIL-88B(Cl) (414.04 and 474 

m2/g, respectively) where commercial BDC is used with AMD-derived Fe. Fe-MIL-88B(Cl) had 

even lower surface areas of 21.42 m2/g with a type III isotherm (see supplementary data), 

indicating that this material is non-porous in nature. Normally, Fe-MIL-88B has a low surface 

area because of its conformational flexibility and channels that yield a denser structure. The 

weak uptake of N2 gas by the material, even at high relative pressures is assumed to be due 

to the weak interaction of the framework with N2 that prevents the structure from 

expanding.233, 256  

The use of Fe precipitates that were dissolved in HNO3 somehow yielded high surface areas 

as compared to those of HCl, this is expected owing to the introduction of structural defects 

observed with Fe-MIL-88B structures from HNO3 as observed in Fig. 6b-d. This surface area 

is then therefore not conclusive or representative of the materials. The NDLFT plots shown 

in the supplementary section (Fig. S8) are indicating that the synthesized Fe-MIL-88B 

samples consist mostly of meso-pores (pore size <2 nm) with the presence of macro-pores 

(<50 nm) as opposed to micro-pores as previously reported in literature.253 The presence of 

large pores in the Fe-MIL-88B is an indication of the collapsed pores within the materials to 

form larger pores, this may be due to the poor solvent exchange method that resulted in 

DMF molecules not being replaced by ethanol. DMF has a higher surface tension thus 

vacuum drying forcibly removed the DMF molecule therefore leaving a collapsed pore. 

Hydrogen adsorption studies were conducted on the Fe-MIL-88B materials to determine 

their hydrogen uptake capacities as well as the effects of using waste-derived precursors. 

Figure 8 is depicting a hydrogen uptake isotherm for rAMD-Fe-MIL-88B(NO3) with the 

highest uptake of 0.81 wt% at 77k and absolute pressure of 1 bar. The total gravimetric 
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uptake at cryogenic conditions is linearly proportional to surface area, this is consistent with 

the previously reported data for Fe-MIL-88B to date and the Chahine rule.152, 257 Hydrogen 

uptakes is dependent on the surface area and the pore volume of the MOF material with 

physisorption prevailing as indicated by the sharp increase of the isotherm at low pressures 

due to the presence of open metal sites.114, 258 

 

 

 

Conclusion 

Fe-based MIL-88B samples were successfully synthesized using unconventional feedstock 

and they exhibited properties similar to those synthesized from commercial grade 

precursors. XRD, FTIR and SEM results confirmed this with characteristic diffraction peaks at 

2 angle, vibration and stretching bands at previously reported range as well as hexagonal 

bipyramidal morphologies dominating though some MOFs exhibited mixed morphologies, 

respectively. TGA revealed that MOFs from AMD-derived Fe were much more stable 

compared to when commercial Fe is used and the replacement of commercial grade BDC 

with PET-derived BDC did not compromise the stability of the MOFs. The materials had very 

Figure 8: Hydrogen adsorption isotherm of rAMD-Fe-MIL-88B(NO3). 
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low BET surface areas owing to their breathing nature though they displayed type I N2 

isotherms with little or no hysteresis loop, agreeing with results obtained from literature.  

Hydrogen adsorption results also proved that the synthesized Fe-MIL-88B from waste were 

suitable for H2 storage as the results obtained were comparable to those reported in 

literature (0.47 wt%, at 298 K and 7.6 bar) and adheres to the Chahine rule.152, 257 Fe-MIL-

88B does not have high surface area, as a result very poor H2 adsorption results are 

obtained thus post-synthetic methods might be explored to enhance H2 storage properties 

of the materials. To avoid mixed morphologies in future, the precursors should be mixed 

and sealed in a vial, and then heated on a hot plate with continuous stirring, this will allow 

the mixture to react homogeneously, avoids particle aggregation, and permits formation of 

highly uniform particles. Other studies have looked at using bulky anionic surfactants for 

uniform synthesis of MIL-88B, the method could be employed in future to determine if pure 

morphologies can be obtained with AMD-derived Fe as they did with commercial grade 

precursors. 
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5.2 Chapter summary 

This chapter outlines the successful synthesis of Fe-MIL-88B was demonstrated through the 

various characterization techniques. Fe was found to be the predominant metal in the AMD 

waste as outlined by the results from the ICP-OES shown in Table 1. XPS was then used to 

study elemental and chemical composition of Fe precipitates which revealed that most Fe 

present in the materials was in the +2 state, deeming both oxidation methods used 

effective. FTIR and XRD confirmed structural properties of Fe precipitates, PET-BDC and Fe-

MIL-88B MOFs prepared from commercial and waste starting materials. The lowered BET 
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surface areas and large pore volumes are a result of collapsed pores in the Fe-MIL-88B 

MOFs due to poor activation of the pores. Fe-MIL-88B from waste showed improved BET 

surface areas compared to those prepared from commercial precursors.  
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Chapter 6 

6. Conclusions 

Fe-MIL-88B samples were successfully synthesized using unconventional feed stock and they 

exhibited properties similar to those synthesized from commercial grade precursors. XRD, 

FTIR and SEM results confirmed this with characteristic diffraction peaks at 2θ angle, 

vibration and stretching bands at previously reported range as well as hexagonal 

bipyramidal morphologies (spindle-like). MOFs prepared from waste precursors such as 

rAMD-Fe-MIL-88B(NO3)pet and rAMD-Fe-MIL-88B, no longer had a MIL-88B pure phase 

instead exhibited mixed morphologies. TGA revealed that MOFs from AMD-derived Fe were 

much more stable compared to when commercial Fe is used and the replacement of 

commercial grade BDC with PET-derived BDC did not compromise the stability of the MOFs. 

The materials had very low BET surface areas which could be attributed to their breathing 

nature though they displayed type I N2 isotherms with little or no hysteresis loop, agreeing 

with results obtained from literature.  

To avoid mixed morphologies in future, the precursors should be mixed and sealed in a vial, 

and then heated on a hot plate with continuous stirring, this will allow the mixture to react 

homogeneously, avoids particle aggregation, and permits formation of highly uniform 

particles. Other studies have looked at using bulky anionic surfactants for uniform synthesis 

of MIL-88B, the method could be employed in future to determine if pure morphologies can 

be obtained with AMD-derived Fe as they did with commercial grade precursors. The use of 

HCl and HNO3 played a huge role in identifying an acid suitable for the dissolution of the Fe 

precursor from the AMD. HCl yielded purer morphologies (no deposits) whilst HNO3 resulted 

in larger quantities (>1 mg) of Fe-based MOFs. Hydrogen adsorption results also proved that 

the synthesized Fe-MIL-88B from waste were suitable for H2 storage as the results obtained 

were comparable to those reported in literature (0.47 wt%, at 298 K and 7.6 bar) and 

adheres to the Chahine rule.152, 257 Fe-MIL-88B does not have high surface area, as a result 

very poor H2 adsorption results are obtained thus post-synthetic methods might be explored 

to enhance H2 storage properties of the materials. 

Fe-MIL-101 was successfully synthesized from the waste precursors and displayed 

comparable textural and physical properties to the Fe-MOFs prepared from commercial 
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grade precursors. This was supported by the XRD and FTIR that suggested the presence of a 

trinuclear metal center and characteristic vibrations confirming the coordination of BDC to 

the Fe center. Mixed Fe-MIL-101 and Fe-MIL-88B morphologies were observed with MOFs 

prepared by the dissolution of rAMD-Fe(HCl) and OHoAMD-Fe(HCl), this resulted in decreased 

surface areas and pore volumes. Fe-MIL-101 prepared from rAMD-Fe(HNO3) and OHoAMD-

Fe(HNO3) displayed well dispersed octahedral morphologies with high degree of crystallinity 

and thermal stability superior to that of MOFs prepared from commercial grade precursors. 

The use of the nitrate commercial precursor for the synthesis of MIL-101 resulted in a 

material of unfamiliar morphology owing to the lack of a mineralizer usually added to aid 

the formation of the Fe-MIL-101 structure. 

Fe-MIL-101 displayed relatively high H2 storage capacities, comparable with the results 

previously reported by Ren et al. (0.99, 1.65 and 1.92 wt%) for Cr-MIL-101 MOFs.148 Because 

of lower surface areas compared to the values reported (2000-6000 m2),243-244 the 

synthesized Fe-MIL-101 experienced lower H2 adsorption. To enhance H2 storage capacity in 

Fe-MIL-101, surface area and pore volume would first need to be optimized by supercritical 

activation as one of the methods. Another way of increasing H2 uptake might be to 

composite Fe-MIL-101 with transition metals to create more active sites for the hydrogen 

molecule to adsorb. 

6.1 Future work 

The study has, without a doubt, proved that it is possible to synthesize Fe-MIL-101 and Fe-

MIL-88B using complete waste, PET and AMD. From the study, the limitations and weak 

points in using the waste materials for the synthesis of MOFs were discovered. Limitations 

such as mixed morphologies and lack of forming octahedral morphology when nitrate salt 

(Fe-MIL-101) is used could be investigated in the future. This could allow for an opportunity 

to develop/adjust a method such that it is suitable for the synthesis of pure Fe-MIL-101 and 

Fe-MIL-88B using these waste materials. Further studies would also elude into the 

optimization of the surface areas of the MOFs such that they match if not surpass those of 

MOFs prepared from commercial grade precursors. The latter would enable the use of 

waste-based MOFs to be used in numerous applications, more especially for hydrogen 

storage. 
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Supplementary data  

Appendix I- Fe precipitates  

Table S1: ICP-OES measured elemental concentrations from raw AMD and after the 

extraction of Fe using NaOH with and without the use of an oxidant (H2O2) 

Sample 

description 

elements 

Fe (mg/L) Al Si Mn Mg Ca Na 

Raw AMD 1251 259 76 56 236 314 29 

AMD With 

H2O2 

26 266 25 52 224 318 1784 

AMD Without 

H2O2 

27 275 26 49 237 335 1783 
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123 
 

  

 

544 542 540 538 536 534 532 530 528 526

0

10000

20000

298 296 294 292 290 288 286 284 282 280

1000

1500

2000

2500

3000

3500

4000

4500

5000

174 172 170 168 166 164 162 160 158

800

1000

1200

1400

1600

1800

2000

2200

2400

2600

 

 

C
o

u
n

ts
/s

Binding Energy (eV)

C=O

Fe-O-OH

C-O; OH
-
; SO4

2-
OHoAMD-Fe O1s scan

 

 

C
o

u
n

ts
/s

Binding Energy (eV)

O-C=O

C=O

C-O

C-C

OHoAMD-Fe C1s scan
b)

 

 

C
o

u
n

ts
/s

Binding Energy (eV)

SO4
2-

; R2SO2
OHoAMD-Fe S2p

a)

c)

Figure S2: a) O1s scan b) C1s scan and c) S2p scan for OHoAMD-Fe precipitate. 



124 
 

 

0,0 0,2 0,4 0,6 0,8 1,0

-100

-50

0

50

100

150

200

  a) MIL-101(Cl)

  b) MIL-101-
OHo

AMD-Fe(NO
3
)
pet

  c) MIL-101-
OHo

AMD-Fe(Cl)

 

 

Q
u

a
n

ti
ty

 a
d

s
o

rb
e

d
 (

m
m

o
l/
g

)

Relative pressure (p/p
0
)

Appendix II-MIL-101  

BET SA and PV 

Table S2: Summary table for BET surface areas and pore volumes obtained for MIL-101 

samples. 

MOF sample BET Surface area (m2/g) Pore Volume (cm3/g) 

8. MIL-101(Cl)pet 501 0.1904 

9. MIL-101-OHoAMD-Fe(Cl)pet 52.5 

 

0.0623 

10. MIL-101-OHoAMD-Fe(NO3)pet 565 0.3292 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3: Nitrogen adsorption/desorption isotherms for Fe-MIL-101 materials. 
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Figure S5: SEM images for a) Fe-MIL-101(Cl) b) OHoAMD-Fe-MIL-101(Cl)pet c) rAMD-

Fe-MIL-101(Cl) and d) rAMD-Fe-MIL-101(Cl)pet. 

Figure S4: Pore size distribution (PSD) for Fe-MIL-101 materials. 
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Figure S6: SEM images for a) Fe-MIL-101(NO3) b) Fe-MIL-101(NO3)pet c) rAMD-Fe-MIL-101 

(NO3) d) OHoAMD-Fe-MIL-101(NO3). 
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Appendix III- MIL-88B  

BET and PV 
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Figure S8: Pore size distribution (PSD) for Fe-MIL-88B materials. 

Figure S7: Nitrogen adsorption/desorption isotherms for Fe-MIL-88B materials. 
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Figure S9: SEM images for a) Fe-MIL-88B(Cl)pet and b) OHoAMD-Fe-MIL-88B(Cl). 

a)  b) 

1 μm 2 μm 

Figure S10: SEM images for a) Fe-MIL-88B(NO3)pet and b) rAMD-Fe-MIL-88B (NO3)pet. 


